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ABSTRACT 
Climate has been long recognised as an important constraint to crop production. Many 
agroclimatic analyses have been developed in Mainland East Asian countries to assist 
their agricultural development and resource management. These analyses were all 
restricted to using a limited number of data points and static summations of climatic 
variables. The complex climatic patterns and the non-linear responses of crops to climate 
cannot be captured by such agroclimatic analyses. 
This thesis addressed the agroclimatic environment and its impact on crop production · 
using a different philosophy and methodology in order to overcome these shortcomings. 
There are four related components in this study. They are: 1). regular grid climatic data 
sets; 2). crop responses to the environmental elements in Mainland East Asia; 3). 
agroclimatic classification; and 4). crop modeling at selected representative stations from 
various agroclimatic zones. 
The regular grid climatic data sets consist of climatic surf aces and a digital elevation 
model (DEM). In this study they were developed at a resolution of I/20th degree. While 
this study focused on agroclimatic analysis these data sets can be applied to any other 
fields that relate to climate such as forestry, ecology and conservation. 
These climatic surf aces express climatic variables as functions of multi-dimensional thin 
plate smoothing splines in term of longitude, latitude and elevation. They were developed 
using the ANUSPLIN package, and are based on a network of up to 3800 stations 
across Mainland East Asia. Estimates for climatic variables at any location in the 
Mainland East Asian countries can be calculated from these surf aces with input of the 
appropriate independent variables. A DEM at a resolution of I/20th degree, calculated 
using the ANUDEM package and based on terrain data digitised from topographic maps, 
was used to construct data sets in this study. These data sets consist of 434,484 grid cells 
across the studying area. 
Based on such data sets, crop responses to the climatic environment were simulated 
using a general plant growth model GROWEST. This model transforms the non-linear 
v 
responses of key plant groups to linear dimensionless scalars. These include a light 
index (LI), a thermal index (Tl), a moisture index (MI) and an integrated multi-factor 
growth index (GI). The spatial and seasonal variations of these indices were analysed for 
each of the 434,484 grid cells across Mainland East Asia. 
With 39 selected GROWEST attributes, Mainland East Asia was classified into 66 
groups and further aggregated to 14 agroclimatic zones using the ALOC and FUSE 
modules of a numerical taxonomic package PATN. These agroclimatic zones have been 
given descriptive labels, thus; 
1. Cold high plateau zone 
2. Hot dry desert 
3. Grassland zone 
4. Single-crop 
5. 
roaize 
Double crop/wheat and ~ 
6. Double crop/rice 
7. Warm hills 
8. Warm highlands 
9. Tropical mountain tops 
10. Tropical forest 
11. Triple-crop 
12. Humid tropical lowlands 
13. Perhumid tropical highlands 
14. Perhumid tropical lowlands 
Finally, 14 representative stations were selected from the major cropping zones of 
Mainland East Asia for more detailed crop modeling using the DSSAT v3 package. The 
Seasonal Analysis module was used to model wheat, maize and rice production for for a 
period of 15 years, and has further demonstrated the major climatic constraints on crop 
production for various agroclimatic zones. 
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CHAPTERl 
INTRODUCTION 
Efficient management of land and water resources for crop production at any scale 
hinges upon the answers to three basic and related questions (Nix, 1981). These 
questions are: 
1. For any given crop, which areas offer the greatest biophysical and 
socio-economic advantages? 
2. For any given area, which crop/s offer the greatest biophysical and 
socio-economic advantages? 
3. For any given crop or area, how can productivity be raised and 
sustained? 
Today, our understanding of the interactions between crops and their physical 
environment has been much improved. However, answers to these three questions are 
still essential to Mainland East Asian countries to allow them to produce enough food 
and other products for their big and fast growing populations. 
Mainland East Asia (Figure 1.1), as referred to in this thesis, includes the countries of 
China, Vietnam, Laos, Thailand, Kampuchea and Peninsula Malaysia; these are some of 
the most densely populated areas in the world. With more than one fifth of the world's 
population living on less than one tenth of the world's land, in areas mostly covered by 
high mountains, plateaux and deserts, the resource deficiencies are obvious and very 
serious. In China, according to a recent publication, the arable land and water resources 
per capita make up only one third and one fourth of the average of the world, 
respectively (Feng, 1993). The cultivated land and water resources are being taken up by 
the expansion of cities, towns and industrial production areas in recent years at a very 
fast rate as the economy booms in the country. Furthermore, China is confronted with 
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serious problems as the population is increasing at an annual rate of over 17 million with 
the total now exceeding 1.2 billion people (Feng, 1993). This very high population 
pressure has resulted in serious problems related to the limited and over-exploited 
resources, characterised by expansion of soil and water erosion, land degradation and 
desertification that imply the overall ecological environment is getting worse and worse. 
In the meantime, the demand for agricultural products in these countries is rising steadily. 
With a total grain yield of 425 million tons in 1990, the target of annual total grain yield 
stated by China is to reach 500 million tons by the year 2000 to maintain the large 
population. As there are little unused land resources in China, it is essential to utilise the 
available agricultural resources with high efficiency by intensive farming with the aid of 
advanced technologies (Feng, 1993). 
Though resource situations of the Southeast Asian countries are not as serious as in 
China, deforestation, erosion, water pollution and land degradation are becoming 
significant problems. Oldeman and Frere (1982) pointed out that expansion of 
agricultural land by clearing areas covered by natural vegetation is often accompanied by 
rapid degradation of the natural fertility of the soils because of erosion of the fertile top 
soil or exhaustion of the natural fertility, leading to low yields. The risk of clearing more 
natural vegetation for crop production is increasing as ~e population growth rate is 
much faster than per capita crop yield. 
The critical role that climate plays in agricultural production has long been recognised. 
Crop related climatic regionalisation has received strong emphasis in China since the 
1940s (Lu, 1949) and numerous studies have been conducted thereafter. The latest 
national agroclimatic regionalisation based on temperature and moisture was presented in 
the late 1980s (Li et al, 1988). Full and reasonable utilisation of climatic resources in 
developing a high efficiency but sustainable agriculture throughout the country (China) 
was further proposed recently by Feng (1993). Although agroclimatic studies in 
Southeast Asia are not as many as in China, their importance has been well recognised 
(Oldeman and Frere, 1982) and agroclimatic zones were developed in some countries 
(Kaida and Sur-arerks, 1984; Nieuwolt, 1984). However, studies on the agroclimatology 
of Mainland East Asia so far (which are reviewed in Chapter 2) have two evident 
deficiencies: 
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Figure 1.1 Geographical locations of the Mainland East Asian countries referred 
in this study 
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1. these studies were generally based on data for a limited number of 
measured stations and maps were usually drawn by free hand at 
broad scales. Thus the boundaries defined are not accurate enough 
to describe the complicated interactions between climate and crop 
species; and 
2. most methods employed present static summations of the climatic 
environment and few take account of the non-linear responses of 
crop species to the environmental elements (Nix, 1981). 
4 
These shortcomings can be overcome by application of the recent developments in 
agroclimatic analysis technologies. The procedure developed by Hutchinson (1989a, 
1991a), ANUSPLIN, can accurately interpolate climatic elements from scattered data 
points to produce spatially distributed climatic surfaces that can produce accurate 
estimates for any given point. The generalised plant growth model GROWEST simulates 
the non-linear responses of crop species to the environmental elements with weekly 
growth index (GI) that takes account of the effects of major light, thermal and moisture 
regimes on plant growth. The model was initially developed by Fitzpatrick and Nix 
(1970) for use in a comparative analysis of temperat e and tropical pasture species at 
continental scale and expanded and more fully described by Nix (1981), and has more 
recently been applied to evaluate the climatic constraints on world cropping systems 
(Hutchinson et al, 1992). Furthermore, the combination of these agroclimatic methods 
with geographic information system (GIS) technology makes possible more detailed 
agroclimatic analyses at site specific and species specific levels across Mainland East 
Asia. 
The objective of the research reported here is to provide accurate and relevant resource 
and environmental data as well as agroecological system analysis based on process-based 
modelling at a high spatial resolution to aid the resource management of Mainland East 
Asian countries. The output will enable predictions to be made for any site with the 
available data and relevant models. Inevitably this has led to development of computer-
based data sets and a geographic information system (GIS) which is a structured 
framework for acquisition, storage, retrieval, analysis and display of data within a 
common spatial referencing system (Nix, 1987). Each cropping system is determined by 
the interactions of its physical environment, biological resources and socio-economic 
environment. This study focuses on the interactions between physical environment and 
biological species, which will aid the decision making process on resource management 
in the relevant countries. 
The underlying requirement for such GIS based analysis is that the accurate and relevant 
resource and environmental data must be readily available. Climatic data have been 
collected for many stations, however, the data point density for some areas is still very 
sparse. These station data have to be interpolated to produce climatic coefficient files 
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which can generate climate estimates for regular grids. These grids require geographic 
referenced elevation estimates, i.e. a digital elevation model (DEM) that was calculated 
with ANUDEM, a program which was developed by Hutchinson (1989b, 1991b). 
Substrate data, such as soils, which may affect the moisture regimes for crop growth and 
development, are, unfortunately, either not available or not detailed enough to match the 
resolution of this study. 
A number of software packages have been used in this study to develop regular grid data 
sets, to conduct geographical analyses, to derive agroclimatic zones and to simulate crop 
yields for selected representative stations. The study involved mainly three steps: 
1. Development of regular grid climatic data sets and use of the 
GROWEST crop growth model to estimate the spatial plant growth 
potential across Mainland East Asia. Input data for the GROWEST 
model are fitted climatic surfaces and a digital elevation model 
(DEM). The climatic surfaces were developed by spatial 
inteipolation of actual climate data from irregularly spaced locations 
using the ANUSPLIN program (Hutchinson, 1989a; 1991a). These 
climatic surfaces used three independent spline variables, longitude, 
latitude and elevation. The DEM was calculated using the 
ANUDEM program (Hutchinson, 1989b, 1991b) with digital terrain 
data that includes spot height, contours, steamlines and polygon 
data that digitised from topographical maps. 
2. With selected GROWEST and climatic attributes as relevant 
descriptors of agricultural environments the numerical taxonomic 
analysis package PATN was used to derive agroclimatic zones 
across Mainland East Asia based on plant growth potential. 
3. Fourteen representative stations were selected from the major 
cropping agroclimatic zones for crop modelling with historical daily 
weather data to identify the effects of inter-annual variations in 
climate on the crop production. CERES models in the DSSAT v3 
package (Tsuji et al, 1994) were used in simulating wheat, maize 
and rice yields at these stations. This is aimed to provide more 
detailed environmental analyses for crop productions in various 
agroclimatic zones. 
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This thesis consists of nine chapters. Chapter Two is a review of progress in agroclimatic 
analysis in Mainland East Asia. The review covers aspects of climatic data, climatic 
mapping, climatic constraints to crop production, crop-climate models, agroclimatic 
classifications and prospects for agroclimatic analysis in Mainland East Asia in the future, 
with sophisticated new technologies such as geographic information system (GIS) and 
process-based crop models. 
Chapter Three describes development of a digital elevation model (DEM) at a resolution 
of l/20th degree for Mainland East Asia and subsequent terrain analysis based on these 
data. The geographic features of the study area., the method and the digital terrain data 
used in developing the DEM of Mainland East Asia are described. Landform 
characteristics are evaluated by analysing elevation, local relief and percentile distribution 
of relative relief. These attributes are used to classify Mainland East Asia into various 
terrain patterns such as low plain areas and highlands. These terrain types may relate to 
different climate and crop patterns. 
Chapter Four describes the development of climatic data sets for Mainland East Asia . 
Climatic data for up to 3800 stations have been collected with climatic variables of 
maximum temperature, minimum temperature, precipitation, evaporation and solar 
radiation. Evaporation and solar radiation have been estimated for stations where such 
measured data is unavailable using relative humidity and sunshine duration data. Finally, 
data for all stations were interpolated to thin plate spline surfaces that express the climate 
variables in terms of latitude, longitude and elevation, using ANUSPLIN package 
(Hutchinson, 1984, 1991a). 
Chapter Five analyses the spatial patterns of annual and seasonal maximum temperature, 
minimum temperature, precipitation, solar radiation and evaporation over Mainland East 
Asia based on data sets that were constructed by the climatic surfaces developed in 
Chapter Four and the DEM developed in Chapter Three. 
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Chapter Six relates the solar radiation, temperature and moisture regimes of the climate 
to crop growth with a Light Index (LI), a Thermal Index (Tl) and a Moisture Index (MI) 
at a weekly step using a general plant growth model GROWEST (Nix, 1981). The 
overall response of crops to the climatic environments is reflected by an integrated 
Growth Index (GI) that is the product of the three above mentioned indices. The spatial 
distributions of these indices over Mainland East Asia are also described in Chapter Six. 
Chapter Seven reports an agroclimatic classification for Mainland East Asia based on 39 
selected attributes simulated using GROWEST model for each of the 434,484 grid cells 
of Mainland East Asia. These grid cells are grouped into fourteen agroclimatic zones 
using the taxonomic package, PATN on ANU's VP2200 computer. The climate and 
crop production for each of the agroclimatic zones are described in Chapter Seven. 
In Chapter Eight, crop production in representative stations of Mainland East Asia are 
simulated for a period of fifteen years from 1978 to 1992 using Seasonal Analysis 
module of the DSSAT v3 (Tsuji et al, 1994). These representative stations were selected 
from the major cropping agroclimatic zones classified in Chapter Seven. Three crops, 
including wheat, maize and rice, are simulated at fourteen stations in seven agroclimatic 
zones of Mainland East Asia. A maximum potential yield, a rainfed yield and an 
attainable yield are simulated for each of the three crops. 
Finally, major conclusions and recommendations for further research are summarised in 
Chapter Nine. 
CHAPTER2 
AGROCLIMATIC STUDIES IN MAINLAND 
EAST ASIA: A REVIEW 
2.1 INTRODUCTION 
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The development of the climatology of Mainland East Asia has been closely related to 
agricultural production. In their long civilisation history, ancient Chinese developed 
considerable knowledge about climate and its impacts on crop production and 
management. The traditional agricultural systems in Mainland East Asia evolved such 
that climate and weather information became an integral component in crop and livestock 
production. This often involved complex timing to fit operations into the seasonal cycle 
and to avoid specific weather hazards. Numerous records of drought and floods and 
proverbs about climate and cropping management can be found in ancient Chinese 
books. ,An outstanding example is the Twenty-four Solar Terms developed in ancient 
China (about 400BC - according to Zhu, 1963) in which the year was divided into 
twenty-four periods. Each of these periods had a length of fifteen days and clearly had 
seasonal meanings for farmers to time their operations. They still exist on the calendar of 
China and influence the operations of farmers in some areas. Careful analysis of such 
ritual and custom can yield valuable information about climatic patterns and weather 
hazards in regions where instrumental data are lacking (Nix, 1985). A book published by 
the State Meteorological Administration of China (1981) analysed these patterns and 
provided summaries of the dryness and wetness of China, illustrated by yearly charts for 
the last 500 years. However, as pointed by Zhu (1963), although some of this knowledge 
is consistent with the princii{~ of climatology, ancient studies were limited to 
descriptions of localised experiences and included no quantitative measurement except 
for some rainfall duration records. 
i 
I 
I 
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Meteorological observations with instruments were started in the late 1800s by colonists 
and missionaries from European countries. Although during this period climatic 
measurements were taken at very few sites of Mainland East Asia, and even then 
contained many missing values, these observations provided valuable information for the 
early world climatic classifications such as these of Koppen (1900, 1923) and 
Thorthwaite (1931). Classifications were also developed at a country or region level 
based on these observations such as these of Zhu (1931) for China and Moah (1933) for 
Southeast Asia. All of these recognised the broad climate patterns of Mainland East Asia. 
Great progress has been made since the early 1950s. Thousands of meteorological 
stations were established and a number of scientists are working on various fields of 
climatology in Mainland East Asia. International links of scientific cooperation and 
exchange have been successfully established. Agroclimatology, the science that deals 
with the climatic environments of growing plant or animal organisms, has received more 
attention since the 1980's as a result of increasing. population pressure and the 
deterioration of ecological systems. Agroclimatic analyses were completed for some of 
the Mainland East Asian countries (FAO agro-ecological zones project, 1980; Oldman 
and Frere, 1982; Kaida and Surfareerks, 1984; Nieuwolt, 1984; Li, 1988). 
This chapter reports the progress of agroclimatology in Mainland East Asia in aspects 
such as availability of climatic data, climatic mapping, crop production and climatic 
variables, crop-climate modeling and agroclimatic classification. The new agroclimatic 
analysis methodologies developed in other parts of the world are also briefly reviewed in 
the last section of the chapter. 
2.2 CLIMATIC DATA 
There are a large number of meteorological stations measuring major climatic variables in 
Mainland East Asia and a significant number of them have data for the standard thirty 
year recording period from 1950s to 1980s. Precipitation is the most extensively 
measured. Thus, it is estimated that it is measured at about 10000 sites in China. Of these 
more than 2000 are meteorological stations which also measure other variables. More 
than 1500 sites in Thailand affiliated with various departments of the government record 
rainfall. Most official meteorological stations record temperature, with daily mean, daily 
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minimum and daily maximum temperature data recorded. Evaporation is also measured 
at major meteorological stations using class A pan. At a smaller number of stations other 
variables such as relative humidity and wind speed are also available. While very few 
stations measure daily total solar radiation. I estimate that there are less than 150 stations 
measuring daily total solar radiation in Mainland East Asia countries but about 900 
stations measure sunshine duration. The data for these stations are processed and held by 
the meteorological administrations of each country with some countries such as China 
and Thailand, having some of these data available in digital form. 
2.3 CLIMATE MAPPING 
Strong emphasis has been placed on climate mapping in China (Domrtis and Peng, 1988) 
and various atlases containing useful climate information have been published. The 
Climate Atlas of China published by the State Meteorological Administration of China 
(SMAC, 1966) was the first climatic atlas to cover the whole country. It is large format 
and shows the spatial distributions of all important climate variables and a map of climate 
divisions of China, based on data recorded in a ten year period (1951-1960). This was 
updated in 1978 by SMAC, which contains maps of mostly the same climate variables as 
the earlier atlas, but uses data for a twenty year period (1951 - 1970) from more than 
600 meteorological stations throughout China, thus providing a more reliable and precise 
source of climate information. The Atlas contains maps at scales varying between 1: 14, 
1:20 and 1:28 million, showing the monthly and annual spatial distributions of all major 
climate variables. There are also a number of other specialised publications available such 
as Moisture Atlas of China (Lu and Gao, 1984), Atlas of Aerological Climate in China 
(SMAC, 1976), Yearly Charts of Dryness/wetness in China for Past 500 Years (SMAC, 
1981). Another development in mapping the agroclimatic resources of China is the 
Agroclimatic Resources Atlas of China series (Cui et al, 1984) with four volumes that 
cover light resources, thermal resources, moisture resources and the major agroclimatic 
resources for various development periods of major crops of China, based on data for 
482 stations (204 sites with estimated radiation values) with 20 years record (1959 -
1978) and crop growth information for nearly 2000 counties throughout China. 
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The Climatic Atlas of Southeast Asia (Ohman, 1965) covers Thailand, Vietnam, Laos, 
Kampuchea, Peninsula Malaysia and Burma. It includes 87 maps illustrating the major 
climatic variables such as mean temperature, mean maximum and minimum temperature, 
precipitation etc. in an annual and monthly basis. The ASEAN Climatic Atlas published 
by the ASEAN Secretariat (1982) contains annual and monthly maps of precipitation, 
rain days, temperature and relative humidity for ASEAN member countries, including 
Thailand and Peninsula Malaysia which are part of this study. 
2.4 CLIMATIC CONSTRAINTS ON CROP PRODUCTION 
Analysing constraints imposed by solar radiation, temperature and moisture on crop 
production have been core components of the agroclimatology of Mainland East Asia. 
However, the most limiting factor varies from place to place. In China, temperature and 
moisture are both very important limiting factors throughout most of the country, while 
erratic rainfall is considered as the sole limiting climatic factor in most agroclimatic 
analyses of Southeast Asian countries. Solar radiation is considered to limit ; · · ' .:.1.. \ 
· p::>te rn \Q 
plant productivity in the high temperature, high rainfall, cloudy environments of lowland 
of southern China and Southeast Asia. 
2.4.1 Solar Radiation 
Solar radiation affects crop growth and development by providing energy for 
photosynthesis as well as affecting temperature and evaporation on the earth's surface; 
daylength influences phenology (Seemann, 1979). As daily total solar radiation 
measurements are only available for a small number of stations, various efforts have been 
made to estimate solar radiation values for locations where such measurements are not 
available. Most such estimates in Mainland East Asia have been based on a basic 
relationship between daily total solar radiation and sunshine duration developed by 
Angstrom(1924). Oldeman and Frere (1982) used the modified Angstrom equation 
developed by Prescott (1940) to estimate solar radiation values in Southeast Asia. The 
modified equation takes the form 
Qlf2o =a+bn/ N 
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where Q is estimated total radiation, Qo is the radiation received on a horizontal surlace 
at the top of the atmosphere, n is the actual sunshine duration and N is the maximum 
possible sunshine duration. The constants a and b are determined by least-squares linear 
regression, and are found in practice to vary with geographic location (Hutchinson et al, 
1992). Oldeman and Frere (1982) calculated coefficient values for a number of sites in 
Southeast Asian countries. They suggested that region specific coefficients should be 
determined for various typical locations, particularly in areas with dense type of clouds, 
such as mountainous areas. They also analysed the relations between cloudiness and 
bright sunshine duration, rainfall and sunshine duration and suggested that solar radiation 
may be calculated from rainfall or cloudiness in certain areas, but can never replace 
actual measurements of sunshine duration or total radiation. 
Previous attempts in China to estimate solar radiation have adopted similar methods. Zhu 
and Yang (1955) and Yin (1957) estimated the solar radiation of eastern China and Xiao 
(1959) estimated radiation values for 26 sites across China. In 1980, after comparing the 
earlier studies, Wang estimated the daily total solar radiation for China using different 
values for coefficient a in eastern China and western China, and calculating coefficient b 
using annual vapour pressure (mb). The predicted errors for monthly total radiation were 
less than 10% for input data with average values between 1951and1970 (Zhang and 
Lin, 1985). 
Spatial analysis in China (Zhang and Lin, 1985) has shown that northwestern China and 
the Qinghai-Xizang Plateau receive much more solar radiation than southeastern and 
northeastern China. Highest values are in the Qinghai-Xizang Plateau and lowest values 
in the Sichuan Basin, Guizhou and surrounding areas. Li (1993) pointed out the most 
important feature of the solar radiation of China is that 40 - 50% of China's annual total 
solar radiation is received during the four months of the major growing season (May to 
August), which together with favourable thermal and moisture conditions during that 
time, provide a highly favourable cropping season. As might be expected, light resources 
in Southeast China are less variable during the year than in the north where solar 
radiation concentrates mostly in the summer season (Li, 1993). As seasonal changes of 
solar radiation vary in different locations, Zhang and Lin (1985) summarised seven 
seasonal solar radiation patterns across China according to temporal fluctuations of 
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sunshine duration. Oldeman and Frere's (1982) analysis of Southeast Asia indicated that 
sunshine duration and total solar radiation do not follow the same pattern; total solar 
radiation at the earth's surface is strongly correlated with solar radiation on a horizontal 
plane at the limit of the atmosphere and at higher latitudes this has larger seasonal 
variation than at lower latitudes. The convective type of cloud formation is much denser 
in mountainous area than in the lowlands, and this leads to absorption of a higher 
percentage of extraterrestrial radiation and thus lower levels of solar radiation at the 
surface. 
2.4.2 Temperature 
Temperature is the most critical factor for both natural vegetation and human influenced 
ecological systems in high latitudes and high altitudes in the study area. The spatial and 
seasonal variation of temperature determine most cropping systems and their 
productivity. With a latitudinal range of 53 ° and large areas of plateaux and mountains 
exceeding 4000m elevation, Mainland East Asia has a complex pattern of thermal 
regimes. These range from tropical areas with little variability throughout the year to 
cold temperate areas with a very short growing season. Analysis of the spatial and 
seasonal variations of thermal resources have been closely related to agricultural 
production. In Southeast Asia, temperature is not generally taken into consideration in 
most agroclimatic classifications since its fluctuations are minimal throughout out the 
year (Oldeman and Frere, 1982). However, significant areas of upland plateaux and 
mountain ranges occur, where lower temperatures do influence crop selection and land 
use patterns. 
Seasonal changes of thermal conditions in Mainland East Asia are dictated by alternating 
prevailing winds between the summer and winter monsoons. During winter, cold air 
Conlmenfa..f 
masses from the north control much of the , - area, although these have much less 
influence in Southeast Asian countries. Temperature is much lower in most of China but 
especially these areas at high latitude. During the summer, warm and moist winds from 
the Pacific and Indian Oceans influence most of the area, and temperature is favourable 
to the growth of crops. Even north of 50°N in northeastern China, there is a favourable 
growing period. In general, the monsoon dictates the seasonal changes of thermal 
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conditions, while elevation exerts a more permanent control on the spatial distribution of 
thermal resources of Mainland East Asia. 
Mean temperature and degree days (normally calculated from~ 0°C or ~ 10°C) at 
various time intervals are the most frequently used thermal criteria in defining the thermal 
requirements of various crops and their growing seasons in China. Detailed mean 
temperature limits and requirements of degree days for various crops have been tested by 
numerous field trials. The former is normally used to indicate the thresholds of crop 
growth and length of growing season and the latter is used to indicate the total thermal 
requirements of various crops. Zhang and Lin (1985) summarised growing period length 
and degree days required by different genotypes of major crops of China. The analysis of 
Li (1993) with annual degree days(~ 10°C) indicated that the thermal resources of 
eastern China are affected strongly by latitude while topography dominated the thermal 
resources of western China. Zhang and Lin's (1985) analysis of mean temperature 
showed that this latitude effect is not significant during the summer season but is very 
strong in winter. The analysis of mean monthly maximum, mean monthly minimum 
temperature and absolute minimum temperature (Zuo et al, 1991) showed similar results. 
Although the extremely low temperatures in winter time in Northeast China are 
associated with a high latitude, there are still favourable thermal conditions for plant 
growth during summer. However, areas with an elevation above 4000 min Qinghai-
Xizang Plateau are cold throughout the year. Zhang and Lin (1985) analysed a number of 
mountain stations in various parts of China and found the effects of elevation on mean 
monthly maximum temperature are larger than mean monthly minimum temperature, 
temperature decreasing by 0.6°C and 0.4°C respectively for every 100 metres rise in 
elevation. They also pointed out that aspect and slope are also important factors affecting 
temperature. The spatial variances of rainfall and radiation also influence the spatial 
distribution of thermal conditions. Although latitudes are high in Northwest China, the 
temperature is much higher during the summer due to dry conditions and strong radiation 
(Zuo et al, 1991) than in eastern parts with similar latitude and elevation which receive 
more rainfall during the summer. The thermal conditions of Southeast China are much 
less varied throughout the year compared with other parts of the country. The studies of 
Oldeman and Frere (1982) suggested elevation is the most important factor affecting the 
spatial variance of temperature in Southeast Asia, while the effects of latitude on the 
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temperature are minimal in areas lower than 15°N. Oldeman (1977) calculated the linear 
regression equations for the relations between altitude and maximum and minimum 
temperature for some stations of Southeast Asia. 
The use of various temperature variables in quantifying thermal conditions for crop 
growth has been an effective guide for agricultural production in China, however, as Nix 
(1981) pointed out, these methods are static summations of the thermal environment and 
few take account of the characteristic response curves of plants or the detailed form of 
daily temperature regimes. This shortcoming was also discussed by Gao (1994). He 
pointed out that the degree day summations for the same cultivar varied from different 
regions and different years, depending on variations of other climatic variables and the 
field conditions. 
2.4.3 Moisture 
The moisture regime of plants depends on dynamic interactions between precipitation, 
soil water storage, runon, runoff, drainage and evapotranspiration. This is simplified in 
many climatic classifications that are based on vegetation-climate associations. Usually 
these employ some empirical parameter to account for the diminished effectiveness of 
rainfall with increased evaporation (eg. K<>ppen, 1931). Although an aridity index has 
been used in most climatic classifications of China, analyses of moisture resources have 
mostly concentrated on precipitation, since precipitation is the ultimate source of water 
resources for land and it has the most extensive measurement network. Rainfall amount 
and spatial and temporal patterns are a major influence on the moisture regime of a given 
area (Li, 1993). Evaporation is recorded at much fewer stations than precipitation and 
has therefore often not been used in broad scale analysis. 
As mentioned above, a number of Atlases show the annual and monthly spatial 
distribution of precipitation in Mainland East Asia. Monsoon and topography have been 
recognised as the most important factors in the formation of spatial and seasonal patterns 
of precipitation in Mainland East Asia. Zhu (1963) summarised features of the spatial 
distribution of precipitation of China as 
' I 
I 
1. the amount of precipitation decreases from southeast to northwest 
as a result of the summer monsoon bringing most of the moisture to 
the continent; 
2. mountainous areas receive more rainfall than low plain areas and 
different aspects receive different amount of rainfall. 
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Later studies (Zhang and Lin, 1985; Domrtss and Peng, 1988) confirmed the effects of 
these factors. The studies of Chang (1984) showed that Qinghai-Xizang Plateau 
influences the rainfall of east China by affecting circulation patterns. Zhang and Lin 
(1985) presented detailed analyses of effects of elevation and aspect on rainfall for 
various locations in China. More recent studies have analysed the effects of the 
topography of Southeast China on rainfall (Jiang, 1990). The analysis of Watts (1955) 
showed that the mean annual rainfall of Southeast Asia is rather greater in amount than 
that of temperate latitudes, and has greater seasonal range of rainfall than some other 
tropical areas and most temperate regions. Monsoons play a stronger role in affecting 
rainfall in tropical areas than temperate regions. In many places the greatest falls are 
when the monsoon begins and the rain caused by th~ onset of the monsoon in one, 
locality may persist for a long time as the advance of monsoon boundary is slow (Watts, 
1955). Oldeman and Frere (1982) discussed the spatial and seasonal patterns of rainfall in 
Southeast Asia in relation to monsoons and topography. As generally available rainfall 
data do not give any information on the rainfall variability, in their agroclimatic analysis 
for Southeast Asia, Oldeman and Frere (1982) introduced methods of calculating rainfall 
probability, described by Doorenbos and Pruitt (1977) and Frere et al (1975), and 
calculated the relationship between mean monthly rainfall and the monthly rainfall 
probability for 19 locations in Thailand. They also applied the method described by 
Robertson (1976) which uses Markov chains to calculate frequency and probability of 
dry and wet spells, and method described by Morris and Zandstra (1979) to determine 
the onset and termination of the wet season according to the accumulation of rainfall. 
As evaporation is not measured at as many sites as precipitation, various methods have 
been applied to estimate values of potential evaporation and evapotranspiration 
throughout Mainland East Asia. In the Moisture Atlas of China, Lu and Gao(1984) 
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estimated the potential evaporation of China using an equation developed by Budyko 
(1958), while Zhang and Lin used Penman's method (Zhang and Lin, 1982) to estimate 
the evaporation of China in their studies. 
Water balance has been the core component in assessing the moisture resources in 
Mainland East Asia. In their climatic classification, SMAC (1978) uses an aridity index 
to define the moisture resources of China. The formula is 
K = E = 0.16[,T 
R R 
where K is the aridity index, R and E are the amounts of rainfall and potential 
evaporation during the period that mean daily temperature is ~10°C. E is estimated from 
ET that is the annual degree days ( ~10°C). Zhang and Lin (1985) analysed physical 
factors affecting evaporation. Oldeman and Frere (1982) suggested using methods 
developed by Oldeman and Irsal (1977) to estimate evaporation from total radiation and 
temperature and the methods developed by Frere and Popov (1979) to estimate 
evapotranspiration with the Penman formula. Kawamura (1971) calculated various 
aridity or wetness indices for China, Japan, Southeast Asia and South Asia, including 
Lang's Regenfaktor, Martonne's aridity Index, Angstrom's coefficient of humidity and 
Kira's index of moist and dry climate. The composite map of hydrological regions of 
monsoon Asia presented by Kayarie (1971) shows that annual water deficit is higher than 
200 mm in most parts of Thailand, Kampuchea, coastal areas of southern Vietnam and 
northern China. More recently, Li et al (1988) calculated the annual and seasonal 
moisture deficit (rainfall minus potential evapotranspiration in the same period) for 101 
stations throughout China and found that Southeast China and the Sichuan Basin are 
areas with moisture surplus. Li (1993) also analysed the seasonal moisture deficit and 
summarised moisture deficit occurrences in various parts of China during different 
seasons. 
2.5 CROP-CLIMATE MODELS 
Agroclimatic models are defined as techniques for interpreting climatological data and 
other physical/biological information in support of agricultural research, development 
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and services (Baier, 1983). These techniques range from rather simple indices (eg. 
degree days and the aridity indices discussed above) to complex soiVcrop/climate models 
(eg. FAO potential crop productivity model). Climatic indices have been closely related 
to modeling crop production and agroclimatic classifications in Mainland East Asia, for 
example, Cui and Li (1993) summarised that paddy rice can be grown wherever 
temperature indices satisfied 
1. more than 110 days of daily mean temperature steadily >10°C; and 
2. more than 30 days of daily mean temperature steadily >18°C. 
Complex crop-climate models have been paid more and more attention in recent years. 
Models used for predicting both general potential crop productivity and potential yield of 
specific cultivars have already been used in Mainland East Asia countries for various 
purposes. A proper understanding of the strengths and weaknesses of crop models is 
essential for developing further agroclimatic analyses. 
2.5.1 Potential Crop Productivity 
Modeling potential productivity has been one of the most extensively stu~ed fields of 
agroclimatology. In China, works by Yin (1959) and Zhu (1964) related total solar 
radiation to crop production in China. Later Huang (1978) developed a model to 
calculate the photosynthetic potential productivity. Jiang (1988) developed a model 
based on Huang's model with consideration of the deduction effects of heat and 
moisture, which included the influences of dynamic crop canopy and diurnal temperature 
conditions on photosynthesis and respiration. A further statistical model was proposed by 
Yu and Li (1986) which considered a number of factors affecting the photosynthesis 
process. The equation is 
B(Q) = [,Qea(l-p)(l-y)cp(l-ro)(l-xr1 H-1 
where B(Q) is the photosynthetic potential productivity with unit of kg/ha, Q is the total 
solar radiation per unit area, E is the ratio of photosynthetically active radiation to the 
total radiation, a=0.83L;/Lo in which La is the coefficient of the maximum leaf area and Li 
is the leaf area for an interval of time; p is ineffective absorptivity; y is the limit of light 
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saturation; <p is the quantum efficiency; ro is the respiratory consumption; x is the 
percentage water content in organic matter and H the thermal requirement for the 
formation of per gram dry matter. The major shortcoming of this model was that it was 
difficult to use on a large scale as it required too many inaccessible parameters (Li, 
1993). Instead, the method recommended by the Food and Agriculture Organisation for 
the calculation of the productivity of land resources has been widely used in the recent 
years for potential crop yield (Li, 1993). 
Oldeman and Frere (1982) also proposed to use the FAO ecological region method 
(FAO, 1980) to calculate the photosynthetic potential productivity for the humid tropics 
of Southeast Asia. The basic principal of the method is that the net biomass production 
Bn is the difference between gross biomass production B8 and the respiration losses R: 
B =B -R n g 
A full set of procedures and examples for calculating net biomass production were 
described in detail by Oldeman and Frere (1982) including rate of photosynthesis at 
different light saturation under optimum temperatures for crops with different 
photosynthesis pathways and methods for calculating the amount of photosynthetically 
active radiation (PAR) developed by De Wit (1965). 
2.5.2 Specific Cultivar Models 
Crop yield models are simplified representations of the complex relationships between 
variables that comprise crop environment and crop performance using established 
mathematical or statistical techniques or both (Baier, 1977). Various models have been 
applied to predicting crop yields of Mainland East Asia. Li (1980) presented a thermo-
light model for the growing period of hybrid rice in China. Cui and Li (1993) described a 
seasonal index to evaluate the multiple rice cropping system. Yao and Leduc (1980) 
developed a regression model for estimating rice yield in China which has the general 
form 
A A n A 
Y; = 130+ Ll3;X; 
i=l 
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where y; is the predicted yield; 13 o is the estimated regression constant and 13 i is the ith 
least squares estimate of regression coefficients for the ith predictor, Xj. Other simulation 
models of rice growth and yield also have been presented by McMennamy (1980) and 
Stansel and Fries (1980). 
Wheat is another important crop in Mainland East Asia. Long ( 1981) developed an 
agronomic potential wheat yield model for China. However, the potential yield estimates 
were thought too high (Zheng and Newman 1986). Zheng and Lu (1982) and Zheng and 
Yang (1982) calculated the agroclimatic potential yield of wheat in Beijing and Hetao 
area of China with the model initially developed by De Wit (1965) and further developed 
as the Wageningen method by Doorenbos and Kassam (1979). This requires crop 
constants related to the production area, potential evapotranspiration, solar radiation and 
temperature. The formula adopt by Zheng et al (1982) for winter wheat has 
Ym =YxCSxCHxCTxEGPxCEC 
where Y m is agroclimatic potential yield, Y is gross dry matter in kg ha·1 day"1 and can be 
calculated by a equation suggested by Doorenbos and Kassam (1979), CS is crop 
constant, CH is Harvest index, CT is mean temperature crop response constraint, EGP is 
mean number of days from planting to harvest and CEC is correction for effect of 
climate. Zheng and Newman (1986) calculated wheat potential productivity for five 
regions located in different parts of China. 
Cui and Li (1993) described statistical models for predicting the growing period and 
potential yield of maize in China. The models of growing period are based on the 
regression of temperature in various development stages of maize whilst rainfall and 
sunshine hours are added to the models to predict maize yield. Their model for predicting 
maize yield at sites in China is 
/\ 
Y = 824.113+0.52S1 +0.356R2 +14.19L\J;-19.736~ +0.942S4 
/\ 
where Y is the yield of grains, T is daily mean temperature, L\T is the diurnal temperature 
range, R is rainfall, S is sunshine hours and subscripts 1, 2, 3 and 4 represent growing 
stages of seedling, stem extension, flowering-pollening and filling, respectively. Realising 
the limitation of a regression model for large areas, they also presented models for 
various regions of China. 
2.6 AGROCLIMATIC CLASSIFICATIONS 
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Many attempts have been made to classify and delineate regions with homogeneous 
agroclimatic conditions in Mainland East Asia. General climatic classifications, 
particularly the more rational and systematic ones such as those of Koppen ( 1931) and 
Thornthwaite (1931, 1948), have made a major contribution to understanding the broad 
agroclimatic conditions of Mainland East Asia. As these classifications were designed for 
the whole world, few stations were analysed in Asia and boundaries of the climatic 
regions for Asia were not well defined. More recently Mizukoshi (1971) developed a 
climatic classification using the Koppen method for monsoon Asia based on climatic data 
for about 600 stations. These stations ranged from 10°S to 50°N in latitude and from 
65°E to 175°E in longitude. Many other classifications have been developed at the 
national scale based on more climatic information with various methods and they will be 
discussed in the following sections. 
2.6.1 Agroclimatic Classifications of China 
Zhu (1963) and Zhang and Lin (1985) reviewed the general climatic classifications of 
China. Tu (1938) and Xu (1939) developed climatic classifications of China with the 
Koppen method. Tao (1949) developed new classifications of China based on 
Thornthwaite's method. Although these methods have been applied successfully in global 
climatic classification, they seem too rough and unpractical when applied in a single 
country (Zhu, 1963). Realising the shortcomings of these world classification methods, 
Zhu (1931) divided China into eight climatic regions based on temperature and 
precipitation and Tu (1936) further divided these eight regions into subclimatic regions. 
Another classification was developed by Lu (1949) with more attribute limits, which 
took 
1. -6°C mean temperature isotherm in January as the boundary of 
winter and spring wheat; 
2. 6°C mean temperature isotherm in January as the boundary of single 
and double rice crops; 
3. 750 mm annual isohyet as the northern boundary of rice; and 
4. 1250 mm annual isohyet as the southern boundary of wheat. 
A general shortcoming of these earlier classifications was that they were all based on 
limited climatic data either for the number of stations or recording length (see Zhu, 
1963). 
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A major development in the climatic classification of China came in 1959, when the 
Climate Regionalisation Group headed by Zhang divided China into eight climatic 
regions containing 32 subclimatic regions. This was based on a more robust network 
with data for 280 stations fairly distributed over China. Degree days ~ 10°C was the 
criterion for dividing the major climatic regions and an aridity index (discussed in Section 
2.2) was the criterion dividing subclimatic regions. Later in 1979, SMAC presented 
another climatic classification using a similar method based on data for more than 600 
stations with records up to 1960, in which the nine climatic regions were classified by 
degree days~ 10°C, mean temperature of the coldest month and mean annual absolute 
minimum temperature. Subclimatic regions in each of thyse climate regions were defined 
by an annual aridity index and a seasonal aridity index was used to define sub-subclimatic 
regions. This remains the official climatic classification of China although some other 
modifications have been suggested later (eg. Chen, 1982) 
Domr6s and Peng (1988) described a classification developed by Huang which gave 
particular attention to crop and animal production. Huang's classification is substantially 
based on certain temperature and precipitation criteria which were partly adopted and 
partly modified from the original classification of Zhang (1959). For the boundaries of 
climate regions, particular emphasis was placed on the physico-geographical conditions 
as a whole so that the climatic divisions of China should also reliably express the 
geographical regionalisation in total (Domr6s and Peng, 1988). In general, although such 
general classifications can be useful in the transfer of ecological information by analogy, 
they have limited utility for study of particular genotype/environmental interactions or 
ecosystem processes (Nix, 1983). 
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To assess the agroclimatic resources and environment for agricultural production, Li 
(1988) developed an agroclimatic classification of China as shown in Figure 2.1. The first 
order major regions included the eastern monsoon, northwestern arid and the Qinghai-
Xizang Plateau cold climates, following different combinations of light, thermal and 
moisture resources that indicated the basic differences in climate for macroagricultural 
development (Li, 1993). 
Figure 2.1 Agroclimatic regionalisation of China. Thick solid lines, thin solid lines 
and broken lines are boundaries of agroclimatic regions, sub-
agroclimatic regions and agroclimatic groups, respectively (after Li, 
1993) 
The eastern monsoon agroclimatic region is marked by high climatic potential 
productivity that makes it suitable for comprehensive development of crop, forestry and 
animal husbandry (Li, 1993). Its boundary with the northwestern arid agroclimatic region 
was defined by the 400 mm mean annual precipitation isohyet at 50% frequency in the 
historical record and 50 days during a year with daily mean windspeed >5rn/s, and its 
boundary with the Qinghai-Xi.zang Plateau agroclimatic region was defined by isotherm 
L,t =3000°C at t ~ 0°C. This region was divided into 10 subclimatic regions based on 
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various thermal criteria from Northeast China to Hainan Island. These 10 subclimatic 
regions were further divided into 36 agroclimatic zones based on thermal or 
thermaVprecipitation criteria, in which crop species and cropping systems were proposed 
by the classification. 
The northwestern arid agroclimatic region has rich light and thermal resources but very 
limited moisture. As stated above, its boundary with the eastern monsoon agroclimatic 
region and the Qinghai-Xizang Plateau agroclimatic region were defined by the 400 mm 
isohyet and windspeed in the southeast and Et =3000°C at t ~ 0°C in the south, 
respectively. The major region consists only of the arid middle and southern temperate 
zone divided by the isotherm of Et =4000°C at t ~ 10°C with South and East Xinjiang in 
the latter zone. Much land of the region is suitable for livestock and crops grow very 
well under irrigation. 
The Qinghai-Xizang Plateau agroclimatic region was further divided into three 
subagroclimatic regions based on thermal conditions, which are 
1. the plateau frigid zone located in areas with elevations above 5000 
m and ET(~ 0°C)<500°C and mean temperature <6°C in the 
warmest month; 
2. the plateau subfrigid zone situated around 4500 m of elevation with 
ET(~ 0°C)=500 - 1500°C and mean temperature 6 - 10°C in the 
warmest month, which is characterised by grazing livestock with no 
crops and trees; and 
3. the plateau temperate zone that is with ET(~ 0°C)=1500 - 3000°C 
and mean temperature 10 - 18°C in the warmest month in where 
cryophilic herbage can grow normally, crops can grow in valleys 
and forestry is distributed in the southeast side. 
Agroclimatic classifications for a number of crop species such as wheat, rice, maize, 
soybean, cotton etc. have been presented by Cui and Li (1993). For example, they 
classified wheat production in China into twelve regions based on moisture, degree days, 
genotype and cropping systems based on moisture deficit, precipitation, genotype of 
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wheat crops (in particular their cold temperature resistance), ET ;?()"C (°C) during annual 
growing period, cropping system (to what other crops wheat is mixed together) and the 
role of wheat in the cropping systems. Similar indices were used to regionalise other crop 
species for China. 
2.6.2 Agroclimatic Classifications in Southeast Asia 
In Southeast Asia precipitation shows relatively wide seasonal variations compared to 
potential evapotranspiration. Therefore most climatic classifications have attempted to 
categorise the various annual rainfall distributions into some logical order (Oldeman and 
Frere, 1982), since temperature fluctuations are minimal throughout the year they are not 
generally taken into consideration. Earlier classifications of Moah (1933) for the humid 
tropics were based on the total number of wet and dry months in a calendar year 
calculated from long term means. He defined a wet month as any month with monthly 
rainfall more than 100 mm or exceeded monthly evaporation, while a dry month received 
less than 60 mm rainfall. Schmidt and Ferguson ( 1951) used the same criteria for wet 
months but calculated them year by year and then computed average values. Van der 
Eelaart (after Oldeman and Frere, 1982) presented an agroclimatic classification for 
Thailand in 1973 in which he defined zones by the number of consecutive humid months 
during which the soils have sufficient moisture for optimum growth without irrigation or 
other additional water resources. Panabokke (1979) developed agroecological zones for 
South and Southeast Asia in which six rainfall patterns were recognised based on the 
intensity of rainfall in the wet period (when rainfall exceeds total evaporation), variability 
of rainfall during the wet season between years and within the main cropping season, 
and the length of the consecutive dry periods following the main cropping season. This 
method was used in developing agroecological zones for Thailand later by Kaida and 
Surarerks (1984). Based on climate and soils, the FAO (1980) Agroecological Zones 
Project developed an agroecological zones for Southeast Asia based on climate 
inventory, soils and land use types. The FAO methods were recommended by Oldeman 
and Frere (1982) in their agroclimatic analysis for Southest Asia, together with an 
agroclimatic classification method for rice-based cropping patterns developed by 
International Rice Research Institute (1974) and improved by Oldeman (1980). 
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2.7 DISCUSSION AND PROSPECTS 
Past, present and probable future models of agroclimatic analysis and synthesis are 
inextricably linked with the broader goals of agricultural, pastoral and forestry 
development and land and water resource management (Nix, 1985). Past 
agroclimatology studies have contributed a great deal of knowledge to the agricultural 
production and land and water resource management of Mainland East Asia. However, 
these studies have been restricted to static environmental indices, and limited numbers of 
data points, which are not detailed enough to define the complex climate and its impact 
on cropping systems of Mainland East Asia. A new approach with models that simulate 
crops' non-linear responses to environment and with new technologies that process 
agroclimatic data and indices at high resolution are needed to improve our understanding 
of environmental systems and to support better resource management that will satisfy 
demands imposed by fast-growing populations, rapid economic growth and the need for 
more environmental conservation. This can be done by developing and applying crop-
climate models and using the output of these models to develop more relevant 
agroclimatic zonations. Applying geographic information system (GIS) to agroclimatic 
analysis can assist resource management by providing a spatially referenced framework 
for the systematic organisation of existing climatic and biological data, a much more 
objective means of planning efficient surveys and collecting additional data and a basis 
for resource management at different scales (Nix, 1987). 
2.7.1 Climatic Indices and Crop-climate Models 
A major difficulty evident throughout all of classificatory approaches is that all are based 
on a static approach to plant-environment interaction, and take little or no account of the 
dynamic, non-linear responses of plants to their environment (Nix, 1983). The climatic 
indices used in agroclimatic analysis in Mainland East Asia have been the same or similar 
to these general climatic analyses. Factors such as degree days, amount of total radiation 
and amount of rainfall are the major criteria for evaluating crop climate interactions. As 
the year to year variation in some of these climatic variables can be large, these indices 
often do not accurately reflect either properties of climatic regimes or responses of crops 
to their environment. Crop-climate models based on these static simple indices with a 
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number of other assumed constants are often not effective in predicting plant growth and 
development. More dynamic approaches are needed in future agroclimatic analyses of 
Mainland East Asia. 
The development of more dynamic approaches has been slow because of the wide range 
of plant adaptation and the need to take account of specific genotype/environment 
interactions. The earliest attempts at such ecophysiological approaches were the classical 
work of Livingstone (1916; Livingstone and Shreve, 1921) in North America. Another 
major step forward was Thomthwaite (1948) who introduced the concept of a 
generalised water balance that involved calculating water transfers between precipitation, 
potential evaporation, actual evapotranspiration and soil moisture storage to decide the 
soil moisture deficit and soil moisture surplus. Further attempts were made to relate plant 
response to thermal and moisture regimes by Papadakis (1938, 1965, 1970) and Prescott 
(1943) among many others. 
A major development in this ecophysiological approach was GROWEST, the generalised 
model of plant response to the major light, temperature and moisture regimes developed 
by Fitzpatrick and Nix ( 1970, Nix, 1981 ). Four major groups of plants are identified 
based on their growth responses to temperature. They are: 
1. a microtherm assemblage which includes mainly conifers and cool to 
cold temperate climate plants; 
2. a mesotherm assemblage which includes all the major temperate 
crop and pasture species such as wheat, barley and oats; 
3. a C3 megatherm assemblage which includes tropical-broad leaved 
plants and, rice; and 
4. a C4 megatherm assemblage for the tropical grass group which 
includes maize, millet, sorghum and sugarcane. 
The non-linear responses of these groups to each of the light, temperature and moisture 
regimes were transferred to a dimensionless scale, where zero represented completely 
limiting conditions and unity non-limiting conditions for that factor. The separated 
indices together with the combinational multi-factor growth index were used first in a 
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bioclimatic analysis of the grassland ecology of the Australian continent (Fitzpatrick and 
Nix, 1970), climate of tropical savannas (Nix, 1983) and an agroclimatic classification 
for world cropping systems (Hutchinson et al, 1992). No simple relation can hope to 
describe fully the complex genotype-environment interactions involved in plant responses 
to light, temperature and moisture regimes. However, sensitivity analysis (Fitzpatrick and 
Nix, 1970) indicates that for a weekly time step, the multiplicative function of 
GROWEST model is marginally superior to the law of the minimum where the value of 
growth index is taken to be the value of the most limiting factor (Hutchinson et al, 
1992). The model is given as 
GI = LI x TI x MI 
where GI is the multi.factor growth index, LI is the light index, TI is thermal index and 
MI is the moisture index. Each of the three environmental indices is scaled between 0 and 
1. When one factor is reduced, the interaction is simulated by the products. When more 
than one factor is limiting, the effect on GI is dominated by the lower of three indices. In 
its simplest form the model can be calibrated to simulate actual dry matter production 
(Hutchinson et al, 1992) by using the growth index as a factor in a simple growth rate 
equation given by 
dW/dt=kxGixW 
where W is the weight of dry matter, t is the time and k is a crop-dependent constant. 
Angus (1980) discussed the potential of applying GROWEST in assessing the 
environmental and management constraints of Southeast Asia, in combination with a 
nitrogen index NI. He found despite its simplicity, its calculations were qualitatively 
reasonable and in some cases, quantitatively accurate (Angus, 1980). 
While GROWEST may be suitable for predicting general plant growth responses, more 
specific process-based crop models developed by International Benchmark Sites 
Network for Agrotechnology Transfer (IBSNAT) Project (1993) simulate the effects of 
weather, soil, water, cultivar and nitrogen dynamics in the soil and the crop, on crop 
growth and yield with minimum data sets (MDS) that include soil, crop, weather and 
management factors. They are mathematical representations of daily biological and 
physical processes. They were designed to have global applications and have been 
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constructed to be independent of, and be able to accommodate, differences in locations, 
seasons, crop cultivars and management systems. Some of the IBSNAT crop models 
have been tested in Thailand, Malaysia and Taiwan at various stages during their 
development, and the CERES-maize model was applied to North China Plain (Wu, et al, 
1989). Further linking these crop models with GIS can provide efficient evaluation of 
regional agricultural productivity and decision support (Lal, H. et al, 1991; 1993). 
2. 7 .2 Spatial Interpolation of Climate Variables 
One of the major shortcomings of past agroclimatic analysis and classifications in 
Mainland East Asia is that they all restricted to a limited number of data points that are 
irregularly located and spaced. This can be overcome by reliable estimation of 
meteorological variables away from places where data is measured by meteorological 
station networks which are limited in extent by economic necessity. A number of 
methods have been developed for interpolating climate variables. These can be grouped 
as local interpolation (eg. Nielson, 1974; Mclain, 1976; Powell, 1977; Lawson, 1977; 
Akima, 1978; McCullagh, 1981; Sibson, 1981; Watson and Philip, 1985), moving 
average (Cressman, 1959; Shepard, 1968; Mclain, 1974; Lancaster 1979), kriging 
(Matheron, 1973; Delfiner and Delhomme, 1975) and thin plate smoothing spline 
(Wahba, 1980; 1990; Wahba and Wendelbeger, 1980; Hutchinson, 1984, 1991a). 
Hutchinson (1991a) compared these methods and concluded that the thin plate spline 
method is superior to other methods because 
1. thin plate splines are easier to use as only the smoothing parameter 
has to be estimated and this is normally done totally automatically 
by minimising the generalised cross validation (GCV); 
2. the ease with which parametric sub-models may be incorporated and 
the ease of formation in terms of finite differences to handle very 
large data sets (Hutchinson, 1991). 
The thin plate spline method has been principally developed by Wahba (1980; 1990) and 
Wahba and Wendelbeger ( 1980) and implemented with extensions to handle very large 
data sets by Hutchinson (1984, 1991a). The method and its extensions spatially 
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interpolate a variety of climatic variables from irregularly distributed station network 
data into climatic surfaces that are of multi-dimensional functions of longitude, latitude 
and a third spline variable, usually elevation. Climatic variables can be calculated from 
these surfaces with the input of values for the appropriate independent variables. The 
technique takes no account of physics of climatic variables except to assume that climatic 
variables vary smoothly in response to changes in geographical position and elevation. 
These factors are taken into account by the program but their relationships with climatic 
variables are determined by the input data points themselves rather than predetermined to 
a fixed constant. The method, then, is very flexible and can be applied to interpolating a 
variety of climatic variables influenced by different physical factors. The surface 
smoothing parameter is determined by minimising the generalised cross validation 
(GCV), which is a measure of the predictive error of the fitted surface and is calculated 
by a method equivalent to removing each data point in turn to see how well the 
remaining data points estimate the missing value (Hutchinson, 1989a). The method has 
been applied to a number of climatic variables for Australia (Hutchinson and Bischof, 
1983; Hutchinson, 1989a), Africa (Hutchinson et al, 1996), China and Southeast Asian 
countries (Zuo et al, 1991; Jovanovic and Booth, 1996a, 1996b) with impressive results. 
These climatic surfaces have been used to predict areas suitable for particular tree 
species in China (Yan et al, 1996) and Thailand (Viriyabuncha et al, 1996), and their 
primary results shown great potential in accurate agroclimatic analysis for Mainland East 
Asian countries. 
Applying such spatial interpolation methods in agroclimatic analysis at high resolution 
requires a digital elevation model (DEM) to construct spatially detailed climatic data 
sets. A DEM is an ordered array of numbers that represents the spatial distribution of 
elevations above some arbitrary datum in a landscape (Moore et al, 1991). It may consist 
of elevations sampled at discrete points or the average elevation over a specified segment 
of the landscape, although in most cases it is the former. Maps or data files can be 
automatically generated from a DEM, which provides estimates of key data such as 
slope, aspect, position in landscape, rate of change of slope, specific catchment area of 
the designated site and specific discharge area below the specific site. Moreover, DEMs 
play a critical role in application of thin plate spline methods (see section 2.5.1) in 
constructing regular grid climatic data sets, which have been extensively applied to a 
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variety of ecological applications (Pittock and Nix, 1986; Nix, 1986; Booth et al, 1987; 
Mackey et al, 1989; Hennessey and Pittock, 1990). 
Methods for generating such DEMs, storing the point or string data and for generating 
the slope and terrain related information are readily available. Moore et al (1991) 
reviewed digital terrain modelling and its hydrological, geomorphological and biological 
applications. A variety of methods are available for fitting elevation data surfaces to 
point data and some are described by Hutchinson (1984). They include: kriging for which 
a number of commercial packages are available; local interpolation methods; moving 
average methods and spline interpolation. Hutchinson (1988, 1989b) has developed an 
iterative finite difference interpolation method which uses a nested grid strategy that 
calculates grid DEMs at successively finer resolutions for use with irregularly distributed 
data that has the efficiency of a local method without sacrificing the advantage of global 
methods. This method has been incorporated into the ARC/INFO geographic 
information system package (ESRI, 1993) as the TOPOGRID module. It has been 
extensively applied to generate DEMs for Australia (Hutchinson, 1988a), Africa 
(Hutchinson et al, 1996), and a number of other Commonwealth countries (Nix et al, in 
preparation). 
2.7.3 Geographic Information Systems 
Applying these spatial interpolation methods for climate variables and DEM methods in 
agroclimatic analysis inevitably leads to development of computer-based data banks and 
a geographic information system (GIS) which is a structured framework for acquisition, 
storage, retrieval, analysis and display of data within some common spatial reference 
system. Yan et al (1996), Booth et al (1995) and Viriyabuncha et al (1996) have already 
applied GIS principles in selecting tree species for China and Thailand by matching grids 
with similar climatic conditions. Coupled with appropriate crop-climate models, these 
data can provide a basis for prediction and classification as well as mere description of 
climatic environment. Applying GIS to agroclimatic analysis can overcome the 
shortcomings of previous agroclimatic maps for Mainland East Asia which are at a small 
scale. Previous methods were incapable of processing large amounts of station data in . 
their climatic mapping and agroclimatic classification. A geographic information system 
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provides a number of advantages as summarised by Nix (1987): First, it provides a 
spatially referenced framework for the systematic organisation of existing physical and 
biological data. Secondly, it provides a much more objective means of planning more 
efficient surveys and collecting additional data. Thirdly, it can provide a basis of resource 
management on scales ranging from the farm level to regional, provincial and national 
levels. 
2. 7 .4 Conclusion 
Although past agroclimatic analyses of Mainland East Asian countries have greatly 
improved our understanding of climatic environments and agricultural production, 
shortcomings are evident. All agroclimatic analyses and classifications were restricted to 
a limited number of data points and used simple static climatic indices such as degree 
days that do not simulate crops' responses to the complex climatic environment. Maps 
produced were all at a relatively small scale, which demonstrate only broad boundaries of 
climatic patterns. The complex and extreme climate and topography of Mainland East 
Asia demands higher resolution of climatic data and application of more functional, 
process-based models if analyses are to be useful in appropriately formulating 
agricultural policy as well as research and development strategies. With recent 
developments in the field of agroclimatology, it is possible to obtain reliable, process-
based agroclimatic environmental analysis and classification to aid improvement of 
agricultural production and resource management of these countries. This objective can 
be reached by an agroclimatic geographic information system with spatially referenced 
climatic data generated by interpolation techniques such as thin plate splines, bioclimatic 
indices generated by an appropriate crop-climate model such as GROWEST, terrain data 
such as DEM from which other terrain data can be calculated and substrate data such as 
soils and geological information where available. We can expect such developments of 
agroclimatic analysis to be useful in improving resource management, agricultural 
development and environmental conservations in Mainland East Asia. 
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CHAPTER3 
DEVELOPING A DIGIT AL ELEV A TI ON 
MODEL (DEM) ACROSS MAINLAND EAST 
ASIA 
3.1 INTRODUCTION 
Topography plays a key role in determining climatic, hydrological and other 
environmental characters of landscape (Hutchinson, 1988). Regular grid or raster digital 
elevation models (DEMs) store elevation data in computer form, from which other key 
terrain data, such as slope, aspect and specific catchment area of designated sites can be 
estimated easily. DEMs have been used in a number of ecological analyses (Pittock and 
Nix, 1986; Nix, 1986; Booth et al, 1987; Mackey et al, 1989). A DEM was also 
essential in this study for using the elevation dependent method to interpolate the spatial 
distribution of climatic variables from scattered point data (Hutchinson and Bischof, 
1983; Weiringa, 1986; Hutchinson, 1989a) and for further applications in ecological 
analysis. This chapter reports the development of a DEM for Mainland East Asia, which 
will be used in constructing regular grid climatic data sets using thin plate spline climatic 
surfaces (which are discussed in Chapter 4). These data sets will overcome the 
shortcoming of past agroclimatic analyses and classifications in Mainland East Asia, 
which have been restricted to limited number of irregularly spaced data points. 
The only available DEM for Mainland East Asian countries was the Image Processing of 
Local and Global Bathymetric Data (IPLGBD) at a resolution of five minutes throughout 
the world (Edwards, 1986). The data extracted from IPLGBD for Mainland East Asia 
showed that neither its coarse resolution nor its accuracy was suitable for a functional 
environmental and agroecosystem analysis. It was therefore necessary to develop a finer 
DEM across Mainland East Asian countries for this study. 
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DEMs can be calculated directly from stereophoto maps when these are available (Kelly 
et al, 1977), or more recently from satellite imagery (Konecny et al, 1987), but there 
remains a significant role for the interpolation of DEM from scattered point elevation 
data, perhaps accompanied by stream line data, particularly when the point data include 
surf ace specific points such as peaks, pits, saddles and selected points on stream lines and 
ridge lines (Hutchinson, 1989a). A wide variety of methods are available for calculating 
DEMs from digital terrain data (Moore et al, 1991). They include: kriging (Matheron, 
1973; Delfiner and Delhomme, 1975; and Dubrule, 1984), for which numerous 
commercial packages are available; moving average methods; and spline interpolation 
(Dubrule, 1984; Hutchinson, 1984). The more recently developed iterative finite 
difference interpolation method (Hutchinson, 1988; 1989a; 1996), known as ANUDEM, 
has advantages of high computing efficiency in handling large data sets, accuracy of 
output grid surfaces and adequate sensitivity to detect errors of input terrain data. It has 
been successfully used in calculating continental wide DEMs of Australia and Africa at a 
resolution of l/40th degree with irregularly distributed elevation and drainage data 
(Hutchinson and Dowling, 1991; Hutchinson et al, 1996). 
The objective of work described in this Chapter was to develop a DEM across Mainland 
East Asia at a fairly high resolution to support development of a regular grid of climatic 
data and further ecological analyses. It was not practical for this study to develop a very 
fine DEM for so large an area. A DEM at a resolution of 1/20th degree (about 5 km) 
and defining at least the broad drainage divisions was calculated using the ANUDEM 
package. Previous studies suggest that this resolution is sufficiently detailed for climate 
analyses which depend heavily on the distribution of elevation (Hutchinson and Dowling, 
1991). 
In this Chapter, Section 3.2 outlines the location, area and topographic features of 
Mainland East Asia. Section 3.3 reviews the major features of ANUDEM. Section 3.4 
describes the preparation of digital terrain data. Section 3.5 assesses the final DEM for 
Mainland East Asia and 3.6 summarises the development of the DEM with ANUDEM 
and the future use of the DEM. 
3.2 THE GEOGRAPHIC FEATURES OF MAINLAND EAST 
ASIA 
3.2.1 Geographical locations 
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Mainland East Asia, as referred to in this thesis, includes China, Vietnam, Laos, 
Thailand, Kampuchea and Peninsula Malaysia which covers an area of 11.5 million km 2, 
making up about 10 percent of the total world land area. The area spans 53 degrees in 
latitude, from the northernmost point which lies at 54°N, on the Amur River, bordering 
Heilongjiang Province of China against Russia to the pendant in the extreme south of 
Peninsula Malaysia which is situated near the Equator at 1 °N in Singapore. A large 
range of longitude also exists in over China from 73°E in the west to 135° in the east. 
Figure 1.1 shows the international borders and the provincial borders of China. Most 
areas of China belong to the mid-latitudes (Domras and Peng, 1988) and only a small 
part of China and Southeast Asian countries belong to low latitude areas. In a broad and 
generalised approach, therefore, climate for the main parts of China may be described as 
temperate (Domr5s and Peng, 1988) with a small part of China and Southeast Asian 
countries as subtropical or tropical. 
3.2.2 Topography and landforms 
At a macroscale, Mainland East Asia is that part of the Eurasian Continent, which mostly 
faces the Pacific Ocean. Only the Malaysia-Thailand Peninsula is exposed to the Indian 
Ocean in its west coast. High plateaux, mountains and ridges dominant the landscape. 
Fifty-eight percent of the land of China is classified as mountains and plateaux of which 
68% are higher than 1000 metres (Domr5s and Peng, 1988). The mountains of China are 
normally divided into three principal categories according to their directions (Zhang and 
Lin, 1985). The first category are the mountains extending from west to east, which are 
mostly the boundaries of different climatic systems (Zhang and Lin, 1985), such as Tian 
Shan, located in the middle of Xinjiang with an average elevation 3000 metres, which is 
the boundary of warm temperate and temperate climates in the south and north Xinjiang; 
Yinshan ranges, with an elevation close to 3000 metres, which is the boundary of vast 
grassland in Inner Mongolia and the crop zones of China; Qinling is normally thought the 
boundary of warmer temperate and subtropical climate by Chinese scientists (Zhang, and 
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Lin, 1985; Domros and Peng, 1988). The second category, mostly extending from 
northeast to southwest, influences the amount of precipitation by blocking the southeast 
monsoon from the Pacific Ocean, which includes Da Hinggan Ling, Xiao Hinggan Ling, 
Taihang Shan, Funiu Shan to Yao Shan in Guangxi Province, and the Changbai Shan, 
mountains of Liaodong Peninsula, Shandong Peninsula, Zhejiang Province and Fujian 
Province in the coastal areas; The third category, which exists in Southwest China, 
normally extending from the north to the south, includes Gaoligong Shan, Nu Shan, 
Daxue Shan, Shierlangan Shan and Yulong Shan, which form the most complicated 
landforms of China with elevations between 4000 to 5000 metres at the tops of 
mountains and deep valleys and rivers between the mountains, where the climate is 
extremely complicated. 
The topography of Southeast Asian countries is also very mountainous. About 30% of 
the total land surfaces of Thailand can be classified as mountainous while 8% has a 
rolling topography (Oldeman and Frere, 1982). Most parts of Laos and Vietnam are also 
mountainous. The northern parts of Thailand, Laos and Vietnam are mostly dominated 
by mountains extending from China, which have similar topography to the mountains in 
Yunnan and Guangxi Provinces of China. In the eas~ of Indo-China Peninsula, the. Range 
of Southwest China extends down to South Vietnam along the border of Laos and 
Vietnam, which blocks the monsoons from the southwest and northeast in different 
seasons. Along western Thailand border with Burma the area is mountainous. This 
continues into Peninsula Thailand with Phuket range, along the west coast, and N akhom 
Si Thammarat Range, running into Malaysia, forming the backbone of the southern part 
of the Peninsula (Oldeman and Frere, 1982). The Cameron Highland is the major range 
of Peninsula Malaysia, which also blocks the monsoons from different directions, 
resulting in different rain seasons and amount of rainfall between east and west of the 
Peninsula. The Central Highlands of Thailand, which also influence the climate 
conditions, are over 500 metres high in the north, with a relatively low middle section 
interrupted by steep limestone ridges and a hilly southeastern section, divided by the Pa 
Sak River. Mountains in the Southwest coastal area of Kampuchea, though not very 
high, also exert an influence on rainfall. 
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3.3 OUTLINE OF THE METHOD 
ANUDEM was developed by Hutchinson (1988, 1989b) to generate DEMs with suitably 
generalised ridge and drainage patterns from scattered elevation point data, contour line 
data and stream line data. It can be applied at scales ranging from continent wide to a 
small catchment level. The procedure has been incorporated into the newest version ( 
7 .0.2) of ARC/INFO, in which it is known as the TOPOGRD module. Two important 
features of the method are its computational efficiency, so that it can be applied to the 
very large data sets required for calculating continent-wide DEMs and a drainage 
enforcement algorithm which removes spurious sinks or pits, in order to yield a DEM 
which reflects the natural drainage structure (Hutchinson and Dowling, 1991). Another 
important feature of the procedure is its ability to handle data errors, ignoring the 
tolerable errors of input elevation data and detecting intolerable errors according to user 
supplied elevation tolerances. The detailed interpolation algorithm of ANUDEM has 
been well documented (Hutchinson, 1988; 1989b; 1996; Hutchinson and Dowling, 
1991). User documentation for ANUDEM can also be found from WWW site: 
http://cres.anu.edu.au/software/anudem.html. The following sections briefly describe the 
major features of the procedure. 
3.3.1 The computational efficiency 
The underlying algorithm of ANUDEM enables the procedure to generate accurate 
DEMs from scattered terrain digital data at a low computation cost. Most existing 
approaches to the interpolation of irregularly distributed data can be broadly classified as 
having either global or local character (Hutchinson, 1989b). Global methods which 
utilise all or most of elevation data to characterise the surf ace at a point have the 
advantage of continuity. Their chief disadvantage is a computational cost proportional to 
n3 (Hutchinson, 1989b) where n is the number of data points. For local methods, each 
point of the fitted surface depends only on nearby data and is fitted using simple 
functions. Their computational costs can be proportional ton (Hutchinson, 1989b). 
ANUDEM, with an iterative finite difference interpolation algorithm, has the advantages 
of both global and local methods, i.e. the computational efficiency of local methods as 
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well as the continuity of global methods. The algorithm grids the elevation surface at 
successive resolutions from an initial coarse grid to the final user specified grid 
resolution. The values of the starting coarse grid are calculated from the average height 
of all data points. At each grid resolution, the initial height at each grid point occupied by 
data points is set to the data value or data average if there is more than one data point 
within the grid cell. The "discretisation" error introduced by this process is reduced by 
data smoothing which takes account of grid resolution and local slope (Hutchinson, 
1996). Values at grid points not occupied by data points are calculated by Gauss-Seidel 
iteration with overrelaxation subject to the specified roughness penalty and ordered chain 
constraints (Hutchinson, 1989b). Iteration terminates for each grid resolution when the 
user specified maximum number of iterations has been reached. The computational cost 
of the technique is optimal in the sense that it is essentially proportional to the number of 
interpolated grid points (Hutchinson, 1989b). 
3.3.2 The drainage enforcement algorithm 
The drainage enforcement algorithm of ANUDEM has the advantage of not generating 
spurious sinks and pits which are not supported by input elevation data. The algorithm 
finds sink points and their accompanying saddles by comparing the height of each grid 
cell with its eight closest neighbours at each grid resolution during the griding process. 
The program 1) removes the low neighbouring saddle if the sink is associated with an 
elevation data point, but the lowest saddle is not; 2) raises the sink and its closest 
neighbours above the height of the lowest saddle if the sink is not associated with a data 
point but the saddle is; 3) modifies both the sink and lowest neighbouring saddle to make 
sure of the drainage if neither of them is associated with a data point; and 4) makes 
choices according to the user supplied tolerances if both the sink and the lowest saddle 
are associated with data points. If these tolerances have been set appropriately, the 
remaining sink points in the final grid are normally those associated with natural sinks, or 
with significant elevation errors in input data, or with areas where the input data are not 
of sufficient density to reliably resolve the drainage characteristics of the fitted grid. 
Incorporating stream line data for griding elevation surf aces makes the output grid 
reflect the natural drainage patterns more accurately. It is also useful in removing sinks 
that may not be removed by the automatic drainage enforcement. During the griding 
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process, all elevation data that conflict with strictly descending data stream lines are 
ignored while those which depart from strict descent by the third user-supplied elevation 
tolerance are labelled for possible error correction. 
3.3.3 Handling the input data error 
The drainage enforcement algorithm and the incorporation of stream line data in gridding 
processes provides not only a powerful tool for calculating accurate DEMs but also 
efficient procedures to handle the input data errors. As stated above, all of the elevation 
data that conflict with descending stream lines are ignored by the program. This is 
particularly important when the data accuracy is not very high, such as some manually 
digitised elevation data. These errors do not influence the final grid much if they are 
within the user-supplied elevation tolerances, and they are detected easily by the program 
if they exceed the tolerances. 
In addition to the output grid file, ANUDEM has optional output files to assist 
correction of data errors. These include the output sink file in which sink points 
remaining in the final grid are written and the stream line diagnostic file in which stream 
lines incorporated in the final grid are written. These files may be plotted, together with 
the large residual file and input elevation data files onto a map, from which the errors in 
both stream line data and elevation data can be easily found and corrected. 
3.4 DIGITAL TERRAIN DATA 
Digital terrain data used by ANUDEM in calculating DEMs may include peaks, pits, 
saddles and points on ridges and streams lines. These can be obtained by ground survey 
at minimal cost for a small area, whilst for larger areas they can be obtained from existing 
topographic maps. Contour lines can be digitised automatically using the processes of 
raster scanning and vectorisation (Leberl and Olson, 1982) or manually using a flat-bed 
digitiser and software packages. Similarly, stream lines and spot heights can be digitised 
from topographic maps. Recently, a CD-ROM database, the Digital Chart of World 
(DCW), containing all of the informatipn on maps of Operational Navigation Charts 
(ONC) series throughout the world at a scale of 1: 1 million has been which was 
published by American Defence Mapping Agency (1992). Digital terrain data can be 
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extracted from this database with ARC/INFO programs. However, it still takes time to 
correct the directions of stream lines, which were digitised randomly in DCW. 
Unfortunately, this data set was not available at the time that the DEM in this study was 
developed. Therefore, all of the elevation data, stream line data and polygonal line data 
(coast lines etc.) used in this study have been obtained by digitising topographic maps of 
Mainland East Asian Countries as no other source was available. 
3.4.1 Topographic maps 
The topographic maps used to obtain digital elevation and stream line data of China were 
the National Geographic Maps of China published by the Taiwanese Army Map Services 
(1970) consisting of six sheets at a scale of 1:2.5 million. All of the spot heights, 
contours and stream lines on the map sheets were digitised. The information obtained 
from the map for hilly areas of China was dense enough, but data points were very sparse 
in the plains areas. Therefore, more spot height data were digitised for these areas from 
maps of the ONC series at a scale of 1: 1 million. For Southeast Asian, there were no 
maps available at 1 :2.5 million scale. All the stream line and elevation data were digitised 
from the ONC series at a scale of 1: 1 million. As the National Geographic Map of China 
is in metric units and the ONC series is in imperial units, elevation data were converted 
to metres after being digitised. 
3.4.2 Data digitising 
There are a variety of flat-bed digitisers and software packages available for most 
personal computers and work-stations. A KURT A XLC digitiser and the TOSCA 
digitising package, which is part of the GIS software IDRISI (Eastman, 1992), were 
used for Indo-China Peninsula with maps of ONC series. Like most commercial 
packages, TOSCA has the advantage that all data digitised are shown and edited on 
screen. Its disadvantage is the package does not consider the map projection, and only a 
very small area could be calibrated for digitising at one session. It is good for using to 
digitise point data but the line data, such as a polygonal line which covers a large area 
has to be cut into many segments to retain its accuracy. As smaller scale maps were used 
for China in which contour lines are the major elevation data, digitising program DIGIT 
and a projection inversion program DIGINV both written by Hutchinson (unpublished) 
for KURT A digitiser were used. The programs take account of the map projection for 
calibration and have higher accuracy than TOSCA when a larger area is defined for a 
single digitising session. The mean horizontal calibration errors for digitising data of 
China and Indo-China Peninsula were 1.67 and 0.43 kilometres, respectively. 
3.4.3 Data compiling 
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Digitising terrain data manually for such a large area was a big task. The digitised data 
for elevation points, sink points, contours, stream lines and polygonal lines were stored 
in many files, each of them containing only data for a very small area. They had to be 
compiled to a format required by ANUDEM, and more importantly, for making sure 
that the drainage network could be joined together from the files generated by many 
different digitising sessions. TOSCA itself has editing functions, however, it can only edit 
the data from one digitising session. There are two better ways to check these files 
together, one is plotting all of the data digitised at same projection and same scale with 
the original map sheet to find errors by comparing. The other is to use other GIS 
software such as ARC/INFO, which can put everything on same screen. The latter way is 
very convenient as the errors can be corrected on screen. The compiled data were finally 
converted to ANUDEM format data files. These were: 
• Elevation point data files containing ordered X, Y, Z triples which are the 
geographical coordinate pairs and the height of the data points, with one data point 
per record. 
• Sink point data files containing ordered X, Y, Z triples in the same format as the 
elevation point data file, which are the geographical coordinate pairs and elevations 
of sink data points. The program does not attempt to remove sinks at such points. 
The height of the sink point may be left unspecified by setting Z to a special value 
outside of the user specified height limits. 
• Stream line data files containing string segments expressed by X, Y coordinate 
pairs in order of descending elevation. Each string segment has a header at the top 
of X, Y coordinate pairs, which contains the number of coordinate pairs in the 
following string. The coordinate pairs in each stream line must be ordered from 
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highest point to lowest point since the values in the grid are constrained to descend 
down each stream line. 
• Bounding polygonal line data files containing strings of X, Y coordinate pairs in 
a similar format to the stream line data files. Each string or consecutive group of 
strings must close within a program calculated tolerance to form a closed polygon. 
• Contour line data files containing strings of X, Y coordinate pairs. Each string is 
preceded by a header which contains the number of coordinate pairs and the height 
of the contour line. The heights of the points making up the contour are 
incorporated into the grid. 
3.5 THE DIGITAL ELEVATION MODEL OF MAINLAND 
EAST ASIA 
There were more than one million grid cells in the rectangular grid for the proposed 
DEM to be produced for Mainland East Asia as designed for the study, at least at a 
resolution of l/20th degree. As a result of the memory limit of the computer available 
where the DEM was developed and differences of elevation data density and accuracy 
between China and Indochina Peninsula, the DEM for Mainland East Asia was calculated 
in three separate sections; west China, east China and Indochina Peninsula. Two degrees 
overlap was allowed between the areas of west and east China in order to join the whole 
country together smoothly. However, six degrees overlap was allowed between China 
and Indochina Peninsula, to ensure the DEM of these Southeast Asian countries to be 
calculated based on higher density of data points. The limits and the number of data 
points of these DEMs are shown in Table 1.1. 
The compiled digital terrain data files were input to ANUDEM to calculate DEMs for 
different parts of Mainland East Asia with specifications of their types and formats. 
There are also a number of options available in the program for users to generate DEMs 
which are as accurate as possible according to the input data accuracy. The griding 
process with ANUDEM is also a process of eliminating errors in the input digital terrain 
data. Several runs are often needed to reach the final output grid. It was found that 
sparse input terrain data can induce errors in the output grid, and in some cases, more 
data points had to be added. 
I 
.. ··1 
I 
Table 1.1 Limits and the number of input data points for DEMs of Mainland 
East Asia 
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Latitude limit Longitude limit Elevation Streamline data 
DEM Name data 
West China 18°N -54°N 70°E-106°E 357 ,718 points 564,423 points 
East China 18°N-54°N 104°E- 136°E 292,678 points 592,301 points 
Indo-China 1°N-24°N 97°E-110°E 131,038 points 505,337 points 
The output rectangular grid for west China covers the most mountainous areas, large 
basins and the high deserts of China. After errors in either the drainage network or 
elevation were corrected, there were still errors indicated by the program in the output 
grid for the dry plain plateaux of Xinjiang and Inner Mongolia of Northwest China 
where the elevation data were very sparse and the drainage network was unconnected. 
Rivers come down from the high mountains and disappear in the nearby desert. When 
more elevation point data were added to input data files sinks and pits were generated by 
the program where rivers end. The final grid was much improved and detailed enough for 
climatic analysis. The output grid of east China was fitted a little lower (some half to 
several metres) in the long river delta areas which are very flat but where many rivers 
converge. The elevation data were very sparse in these areas. These errors were 
produced, probably, by the imbalance of the elevation data and drainage data, and were 
fixed when more point elevation data were added to the input data files. There were no 
serious problems with the grid of Indo-China because of higher density of data points. 
The final DEM of Mainland East Asia was constructed from the three rectangular DEMs 
of west China, east China and lndo-China Peninsula. The DEMs for west and east China 
were joined at the middle line of the overlap. China and Indo-China Peninsula were 
joined along political boundaries of these countries. The overall DEM of Mainland East 
Asia is shown in Figure 3.1. 
Vigure 3.1 The digital elevation of Mainland East Asia (elLLlv ~" ;,, •t1ct1l') 
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ANUDEM employs a simple multi-grid approach which initially solves the 1terative 
interpolation problem on a very coarse grid resolution. The problem is then solved at 
succeeding finer resolution, until the final resolution is obtained. At each resolution the 
elevation data are simply allocated to the centre of nearest grid cell. This int.roduces a 
small positional CffOr in the data which may be interpreted as a vertical eiTor in the point 
placed at the centre of the cell (Hutchinson, 1996). The size of this vertical error depends 
on che slope of the grid cell and the size of the horizontal displacement. 
The (discretisation) error of the DEM calculated using ANUDEM depends on its 
resolution and surface roughness (or at least slope). This can be calculated using 
root mean square (discretisation) error= slope* h /sqrt(12) 
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where slope is the root mean square slope of the DEM and h is the grid spacing in metres 
(Hutchinson, 1996). This formula could be used dynamically on various parts of the 
DEM, or for an overall estimated over the whole area, realising that the real error is 
greater in mountainous terrain and less in flat terrain. The average slope of the DEM 
reported here is 2.9% and mean his 5500 metres (roughly the same as l/20th degree), 
then the standard error of the DEM would be calculated as 46 metres. This value is 
somewhat conservative because it does not take account of unknown variability of the 
actual terrain with each grid cell, and does not take account of the underlying height 
error of the source data. 
The DEM reported here is used directly in interpolating climate variables. Their 
sensitivity to elevation is such that these terrain errors are mostly negligible. If the DEM 
were out by 200 m somewhere (close to a worst case scenario and which does happen) 
then the temperature estimates would be altered by about 1 °C. Though there is no 
universal rainfall elevation lapse rate, elevation induced errors in interpolated annual 
rainfall are tolerable according to the analysis of Hutchinson and Bischof (1983) in 
Hunter valley of Australia. A 50 metres error in height would change annual rainfall by a 
mere 50 mm or 5%. Therefore the accuracy of the DEM reported here is adequate for 
the agroclimatic analyses that are reported in the following chapters. 
3.7 TOPOGRAPHICAL ANALYSIS 
Agricultural land use is governed primarily by such environmental factors as climate, 
physiography and soils (Kaida and Surarerks, 1984). To outline the topographical effects 
on the agricultural land use in Mainland East Asia, a terrain analysis is conducted in this 
Section using elevation residuals that were computed from the DEM calculated in 
Section 3.3 using a computer program, ElevResdGrid, developed by Gallant (1996). 
metliod. 
Traditional terrain analysi~alyses digital elevation data at the resolution of the DEM. 
Slope, for example, is calculated using the difference in elevations of nearest neighbours. 
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For purpose of agricultural land use analysis, it may be more appropriate to analyse the 
land scape at a broader scale. The ElevResdGrid program performs such terrain analyses 
on a broader context according to a user-supplied search radius. For each point, a circle 
of a given radius is centred on the point. The elevation points inside this circle are the 
context for the analysis of that point. The program produces a set of grids all using the 
same context radius but measuring different properties. A total of eleven attributes can 
be computed by ElevResidGrid, which are percentile, elevation difference, difference 
from minimum, difference from maximum, deviation from mean, mean, standard 
deviation, relief, frequency of being minimum, frequency of being maximum and 
/min/max topo position. 
These attributes have been calculated from the DEM described above with a context 
radius of 30 km. Percentile and relief were selected to be as input for an terrain 
classification for Mainland East Asia, together with the DEM. Percentile is obtained by 
measuring the ranking of the elevation of the central point compared to all points in the 
context circle, and ranges from zero to unity. If a point is the lowest in the circle it will 
be given the value zero, and if it is the highest it will be given a value of one. If all points 
are exactly the same height a value of 0.5 is assigned. Relief is the differences between 
maximum and minimum elevation in the context circle, and therefore relief values are 
always greater than or equal to zero with same unit to the DEM. Figure 3.2 shows the 
relief values of Mainland East Asia. The algorithm of other attributes are described in 
detail by Gallant (1996) in his home page:http://cres.anu.edu.au/-johng/elevresid.html 
The 434,484 grid cells of Mainland East Asia were classified into 26 groups using the 
ALOB module a non-hierarchical, agglomerative taxonomic package (Belbin, 1984), 
PATN, which employed the Gower metric (Gower, 1971) applied to the elevation, 
percentile and relief with equal weight. The taxonomic method is discussed in detail in 
Chapter Seven. The 26 groups were further aggregated into seven terrain patterns using 
the FUSE module of the PA TN package. These patterns are shown in Figure 3.3. The 
terrain features of each of the seven patterns are described as below: 
• Terrain pattern one represents the lowland plain areas and is the main component 
of the agricultural land in Mainland East Asia. Some low hills which are terraced 
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lands are also included in this pattern. The elevation normally does not exceed 500 
metres; 
Figure 3.2 Relief values calculated from the DEM of Mainland East Asia 
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• Terrain Pattern Two represents hilly areas with higher relief. The elevation is 
noimally between 500 and 1000 metres. It is difficult to develop crop production in 
these areas because the hilly topography makes crop management operations very 
difficult; 
• Terrain Pattern Three represents table lands with elevations ranging from I 000 to 
I 500 metres and relating to low local relief. Drier areas are suitable for grazing 
livestock and moister areas are suitable for crop production; 
• Terrain Pattern Fom· represents tablelands with elevations greater than 1500 
metres; 
• Te1Tain Patterns Five and Six are relatively small in total area, but widespread. 
They are mainly mountain tops with sharp changes in land fo1ms; 
• Terrain Pattern Seven covers mainly very high land areas with elevations greater 
than 4000 metres. 
Figure 3.3 Terrain patterns of Mainland East Asia 
7 
48 
Of these seven primary terrain patterns in Mainland Bast Asia, only Te1rnin Pattern One 
is generally suitable area for crop production. The other tetTain patterns have limitations 
to agricult1u·aJ production because of complex topography or low temperatw·es because 
of high elevation. 
3.8 SUMMARY 
ANUDEM proved efficient in developing the DEM of Mainland East Asia. It has high 
computation efficiency and accurac»facilitates detection and correction of data errors. 
!at\d qj;,o 
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Its incorporation in ARC/INFO will make it available to more users. Moreover, obtaining 
digital terrain data becomes easier now because of the release of Digital Charts of World 
(DCW). With programs like ARC/INFO, these point elevation data, contour elevation 
data and polygonal line data can be easily extracted. The stream line data can also be 
extracted from DCW. However, the direction of stream line data have to be corrected 
because they were digitised in random directions. 
The DEM was used in this study to construct the climatic data sets, together with the 
climatic surfaces calculated from station data by ANUSPLIN (which will be discussed in 
Chapter 4), for agroclimatic analysis of Mainland East Asia. It contains 434 484 grid 
cells throughout the area. All analyses reported in the following Chapters were based on 
the same number of grid cells as the DEM described here. This DEM may also be used in 
other related fields such as forestry, hydrology and ecology at macro or meso scales. For 
example, this DEM has been used in matching specific tree species to sites of China (Yan 
et al, 1996), and Thailand (Viriyabuncha et al, 1996). 
CHAPTER4 
ESTIMATING THE SPATIAL 
DISTRIBUTIONS OF KEY CLIMATIC 
VARIABLES ACROSS MAINLAND EAST 
ASIA 
4.1 INTRODUCTION 
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Climate is one of the most important factors for assessing agricultural resources and for 
agroecological system analysis. Climate means for months, seasons and years resolve 
much of the spatial variability of climate and hence much of the spatial variability of 
dependent biological activity (Hutchinson et al, 1992). Past agroclimatic analyses of 
Mainland East Asia have all been restricted to a limited number of data points because 
existing meteorological station networks are sparse and r:nostly irregularly located, 
especially in the remote areas of western China where the environment is relatively harsh 
for human habitation. Reliable interpolation of this irregularly distributed station data 
onto a regular grid is essential to conduct higher resolution geographical analysis of 
climate and its impact on related fields such as agriculture, forestry and ecology. 
A number of methods have been developed for interpolating climate variables. They can 
be grouped as local methods (e.g. Nielson, 1974; McLain, 1976; Powell, 1977; Lawson, 
1977; Akima, 1978; McCullagh, 1981; Sibson, 1981; Watson and Philip, 1985), moving 
average methods (Cressman, 1959; Shepard, 1968; McLain, 1974; Lancaster 1979), 
kriging (Matheron, 1973; Delfiner and Delhomme, 1975) and thin plate smoothing 
splines (Wahba, 1980; 1990; Wahba and Wendelbeger, 1980; Hutchinson, 1984). The 
comparison of these methods by Hutchinson (1991) indicated that the thin plate spline 
method is no less accurate than other methods and is easier to use. The inclusion of a 
spatially varying dependence on elevation is a key feature for interpolating climatic 
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variables such as temperature and precipitation (Hutchinson, 1995). The smoothing 
parameter can be automatically set by minimising the generalised cross validation (GCV) 
and thin plate splines can incorporate knots to handle very large data sets. This method 
was selected in this study for spatial interpolation of monthly mean key climatic variables 
across Mainland East Asia. 
Data for monthly mean daily minimum temperature, daily maximum temperature, 
precipitation, total radiation and evaporation were collected from irregularly spaced 
meteorological stations of Mainland East Asian countries. Elevation dependent climate 
surfaces were fitted to these data. The DEM described in Chapter 3, then enabled regular 
grid climatic data sets to be constructed. These data sets supported grid cell based 
agroclimatic analyses and the application of a process-based model to simulate crop 
production at high resolution within a geographic information system (GIS). These 
climatic data sets can also be used in other fields such as forestry, ecology, conservation 
and hydrology. 
Mainland East Asia covers a vast area with a variety of climate patterns. Past climatic 
analyses of the area based on various numbers of station data and different length of 
record have shown that spatial climatic patterns are dictated by geographical location and 
complicated topography (See Chapter 2). The reversal of prevailing winds in winter and 
summer determine the large fluctuations of temperature and erratic rainfall, while large 
extensions of latitude and predominantly mountainous topography with the highest 
plateau in the world, Qinghai-Xizang Plateau, are other factors producing extreme and 
complex climates. The State Meteorological Administration of China (SMAC) has placed 
strong emphasis on climate mapping and various climatic atlases have been published 
(Domros and Peng, 1988). The latest and most widely cited publication, the Climate 
Atlas of the People's Republic of China (SMAC, 1978), contains maps of monthly and 
annual mean values for a number of climatic variables such as temperature, precipitation, 
radiation, sunshine duration, evaporation and windspeed at various scales ranging from 
1: 14,000,000 to 1 :28,000,000. These maps show the broad spatial patterns of climatic 
variables based on averages of twenty years record (1950 - 1969) for over 600 stations. 
Most of the climatic and agroclimatic analyses of China in recent years (Zhang and Lin, 
1985; Domros and Peng, 1988; Li et al, 1988) are still based on this Atlas, although data 
are now available in China in computer form for a greater number of stations and for a 
much longer period of record. 
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The Climatic Atlas of Southeast Asia (Ohman, 1965; ASEAN, 1982) contains maps that 
show annual and monthly mean spatial patterns of temperature and precipitation for 
Thailand, Vietnam, Laos, Kampuchea, Peninsula Malaysia and Burma. The rainfall 
patterns of Mainland East Asia were also discussed by Tsuchiya ( 1971) and Yoshino and 
Aihara (1971). More recently, Oldeman and Frere (1982) analysed the spatial patterns of 
key climatic variables for Thailand and Peninsula Malaysia based on data for 25 and 9 
stations, respectively. Their analysis was referred to by Kaida and Surfarerks (1984) 
when studying the climate and agricultural land use of Thailand. The ASEAN Climatic 
Atlas (ASEAN Secretariat, 1982) also shows the spatial patterns of annual and monthly 
mean precipitation, temperature and relative humidity for Malaysia and Thailand. 
The following sections describe the thin plate spline climate interpolation procedure 
developed by Hutchinson (1984, 1991), known as ANUSPLIN, and its application in 
interpolating the spatial distributions of key climatic variables across Mainland East Asia. 
The procedure has been used to interpolate the spatial distribution of a variety of climatic 
variables for Australia (Hutchinson and Bischof, 1983; Hutchinson, 1989a; 1995) and the 
temperature of China (Zuo et al, 1991) with impressive results. Here the procedure is 
based on meteorological data over 3800 stations for precipitation and over 1000 stations 
for temperatures, radiation and evaporation across Mainland East Asia. Most of the data 
have records for a standard thirty year period (1951 - 1980). The climatic variables 
studied here are monthly means for maximum temperature, minimum temperature, 
precipitation, total radiation and potential evaporation. Detailed error analyses for each 
of these climatic surf aces are presented. 
4.2 DESCRIPTION OF METHODOLOGY 
The thin plate (or Laplacian) smoothing spline method used in this study, has been 
principally developed by Wahba (1980), Wahba and Wendelbeger (1980) and further 
developed by Hutchinson (1984; 1991a). It offers distinct advantages over subjective 
interpolation methods and over previously developed objective methods described by 
Cressman (1959) and Gandin (1965). The technique and its extensions spatially 
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interpolate a variety of climatic variables from irregularly distributed station network 
data into climatic surfaces which express climatic variables as multi-variate functions of 
longitude, latitude and a third independent variable, normally elevation. Climatic 
variables at any point can be calculated from these surfaces with input of the appropriate 
independent variables. This overcomes the shortcoming of all previous climatic and 
agroclimatic analyses for Mainland East Asia which have been restricted to limited 
numbers of irregularly distributed and spaced station data points. With the thin plate 
spline climatic surfaces, climatic data sets can be constructed for regular grids with high 
resolution for climatic mapping, analysing, classification and crop modelling at farm, 
county, provincial, national and international levels. These data sets are stored in a 
computerised form and retrievable for multi-purpose applications. All of these processes 
can be done automatically by computer. 
The underlying statistical model in its simplest form is that the observed monthly mean z 
at the position x, y, h of i th station is given by 
(i = 1,2,3, ... ,n) 
where f is a suitably smooth unknown function of three independent variables, normally 
oflongitude (x ), latitude ( y) and elevation (h ). Each E; is an zero mean random variable 
with variance dp 2 where d; is the relative standard deviation that is assumed known. It 
reflects local conditions such as length of record. The variance 0 2 is normally unknown. 
Stations were weighted according to the assumption that each mean data value is 
distributed independently with variance a 2 In where a is the local standard deviation 
estimate obtained from the data (Hutchinson and Bischof, 1983). Thus mean data values 
with small standard deviation estimates or long periods of record tended to be fitted 
more closely than mean data values with large standard deviation estimates or short 
periods of records. The unknown smooth function f is estimated by finding the function 
(a thin plate spline) which minimises 
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of ti~ 
where d; is a local relative estimate of variance ~ is the smoothing parameter and 
J (f) is a measure of roughness off in terms of partial derivatives (usually second 
order) (Hutchinson, 1991). The smoothing parameter is determined by minimising the 
generalised cross validation (GCV). The GCV is a measure of the predictive error of the 
fitted surface and is calculated by removing each data point in turn to see how well a 
surface with a given value of 'A fitted to the remaining data points estimates the missing 
value (Hutchinson, 1989a). Since the data points each have a specified noise, using the 
data points to assess the predictive error gives an over large estimate of the true error of 
the fitted surface. Approximately we have 
GCV = TMSE + cr2 
where TMSE is the true mean square error over the data points (Craven and Wahba, 
1979). If cr2 is known an unbiased estimator of TMSE is given by 
n 
(1/ n)'E[(z; - f;) I d;]2 -(2/ n)trace(} -A)a2 +cr2 
i==l 
This could be used to determine the smoothing parameter but it is sensitive to errors in 
the value of cr2, which also includes an unknown amount of interpolation error 
(Hutchinson, 1995). It is preferable to determine the smoothing parameter by minimising 
the GCV, which does not require any variance estimate, and using the estimate of cr2 
when it is available, to assess the goodness of fitted surfaces. 
The method may be viewed as semi-empirical (Hutchinson, 1989a). The physical factors 
are taken into account by the program but their relationships with the climatic variables 
are determined by the input data points themselves rather than a predetermined fixed 
constant (e.g. temperature lapse rate). Therefore, it has great flexibility and can be 
applied to interpolate a variety of climatic variables influenced by a number of different 
physical factors. Thus, when interpolating a climatic variable, such as temperature, with a 
thin plate spline function of longitude, latitude and elevation, the lapse rate associated 
with the fitted surfaces may vary with both geographical position and elevation related to 
the local conditions rather than being fixed at a constant average value. The method, 
then, can accurately interpolate the spatial distributions of large areas where many 
climatic patterns exist. 
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The underlying assumption of the model is that the elevation lapse rate varies smoothly 
in response to changes in geographical position and the third physical variable such as 
elevation (Hutchinson, 1989a; 1995). The method, then, is very sensitive to input data 
error. The errors of input data points in either geographical co-ordinates or the third 
independent variable as well as the error in the climatic data record can be detected by 
inspecting the list produced by the program which contains the stations with largest data 
residuals. Normally the top ranked 20 - 30 stations should be checked for their longitude, 
latitude, elevation and the climatic data records. These errors are very common in the 
meteorological station data sets, in which locations and elevations are often not 
accurately surveyed, especially in undeveloped areas of developing countries. Other 
errors, such as typing and calculating mistakes, may occur when the data are input into a 
computer. Several runs of the program are often needed to check the input data to obtain 
the best (or correct) fitted thin plate spline surfaces. 
4.3 INTERPOLATING THE SPATIAL DISTRIBUTION OF 
MONTHLY MEAN MAXIMUM AND MINIMUM 
TEMPERATURE 
Although seasonal changes of temperature across Mainland East Asia are dominated by 
the alternative summer and winter monsoons, its spatial distribution shows strong 
dependence on latitude and topography. The analysis for China shows that latitude has 
stronger effects on the spatial distribution of temperature in winter while elevation 
exerts more influence during the summer (Domros and Peng, 1988). Zhang and Lin 
(1985) analysed the lapse rates of temperature against latitude and elevation and found 
that it varies over space and season. They also pointed out that slope and aspect also 
influence the spatial distribution of temperature on a local basis. Apparently no fixed 
relationship between temperature and elevation (or latitude) can be formulated over such 
a large area and complicated topography. The effect of elevation on temperature was 
also observed in the equatorial area of the Cameron Highlands of Malaysia (Watts, 
1955). Oldeman and Frere (1982) presented temperature-elevation annual and monthly 
linear regression equations based on some locations in northern Thailand. However, 
these relationships could not be explored in detail in other regions because of scarcity of 
observations (Oldeman and Frere; 1982). Because of large spatial and temporal variances 
56 
in temperature, no simple function could be used for spatial interpolation of monthly 
temperature over such a large area as Mainland East Asia. The studies on the spatial 
distribution of temperature for Australia (Hutchinson, 1989a), Africa (Booth et al, 1989; 
Hutchinson et al, 1996), Indonesia and Philippines (Jovanovic and Booth, 1995) and 
China (Zuo et al, 1991) using thin plate spline method showed a very good result by 
using latitude, longitude and elevation as spline independent variables, which incorporate 
a spatially varying dependence on elevation in keeping with the findings of Zhang and Li 
(1985) and others. 
4.3.1 The data 
Data from 1222 and 1117 stations for maximum and minimum temperature respectively 
were used in this study, including stations collected from China, Thailand, Vietnam, 
Figure 4.1 Spatial distribution of 1222 monthly mean maximum temperature 
stations across Mainland East Asia 
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Malaysia and Laos and data obtained from published data (FAO, 1980) for stations of 
Kampuchea, Bangladesh, Nepal, India, Russia, Mongolia and Korea. Stations from 
surrounding countries were included to maintain accuracy of the fitted surf aces in 
boundary areas. The data for these stations were recorded between 1950s and 1980s and 
most of them were for the full 30 year recording period. Data for monthly mean 
temperature and monthly mean absolute temperature were also available for 700 China 
stations with the same length of record. Figure 4.1 and 4.2 show the spatial distributions 
of maximum and minimum temperature stations, respectively. Data for west China are 
relatively sparse and big gaps between data points can be seen, as this area is much less 
populated than east China due to the lack of arable land. The data points in Laos and 
Kampuchea are also very sparse, though every effort was made to obtain data for more 
stations. 
Figure 4.2 Spatial distribution of 1117 monthly mean minimum temperature 
stations across Mainland East Asia 
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4.3.2 The thin plate spline surfaces 
Thin plate smoothing spline surlaces for monthly mean of maximum and minimum 
temperature for the period 1950s - 1980s of Mainland East Asia were calculated from 
the measured station data described in section 4.3.1 using the SPLINB program from the 
ANUSPLIN package. These surfaces express temperature in terms of degree longitude, 
degree latitude and elevation in kilometres. As temperature is a very stable climatic 
variable, the effect of year to year variance or departures of data means from the 
standard 1950 -1980 means (Hutchinson, 1991) was ignored, prescribing uniform 
weighting to the data points when running SPLINB. 
A total of 166 errors were corrected during calculation of the surfaces of maximum and 
minimum temperature, of which 43 were for longitude, 46 were for latitude, 47 were for 
elevation and 30 were for data errors. Errors related to longitude, latitude and elevation 
may be very small, but the program is very sensitive to them. Possible errors have to be 
carefully checked using large scale maps. Errors related to data records are often typing 
errors and can be easily corrected. Similar errors were corrected in the surlaces for other 
variables. 
The statistical errors of the fitted surlaces for maximum and minimum temperature are 
shown in Table 4.1and4.2, where mean is the average of the mean data values over all 
stations and standard deviation is the standard deviation of the mean data values over 
stations. Signal is a useful diagnostic tool. The signal should not normally exceed about 
half the number of data points (Hutchinson and Gessler, 1994). When it does the data 
network may be too sparse so that the statistical model may be mis-specified or there 
may be data errors (Hutchinson et al, 1996). There should be a steady progression in the 
values of the signal from month to month when fitting surlaces to monthly data. 
Departures from this progression may indicate systematic data errors in the aberrant 
months. Two components included in root GCV are input data errors and predictive 
error; and root MSE is an estimate of the root mean square predictive error for all 
stations with the effects of input data errors removal, ie. the "true error" produced by the 
program. In general, root mean square predictive errors for all of the mean monthly 
minimum and maximum temperature surlaces are less than 0.6°C. These are in agreement 
with results of other analyses such as for Australia by Hutchinson (1991). From Table 
59 
4.1 and 4.2, the standard deviation, root GCV and root MSE of minimum temperature 
surfaces are all slightly higher than of maximum temperature. This indicated that spatial 
variances of mean monthly minimum temperature are slightly larger than mean monthly 
maximum temperature, especially in the winter months. 
Table 4.1 Error statistics for the thin plate spline surfaces of mean monthly 
maximum temperature fitted to 1222 stations across Mainland East 
Asia. There were 325 knots used. All statistics except signal are in unit 
of degrees Centigrade 
Standard 
Month Mean Deviation Signal RootGCV RootMSE 
Jan 12.25 13.96 294.1 0.97 0.41 
Feb 14.44 13.22 296.0 0.98 0.42 
Mar 18.94 11.08 295.3 0.99 0.42 
Apr 23.59 8.42 293.9 0.97 0.41 
May 26.56 6.09 292.5 0.85 0.36 
Jun 28.19 4.82 296.3 0.78 0.33 
Jul 29.23 4.50 290.5 0.79 0.33 
Aug 28.70 4.52 285.5 0.75 0.31 
Sep 26.23 5.40 289.5 0.67 0.28 
Oct 22.49 7.43 286.1 0.73 0.31 
Nov 17.56 10.50 286.1 0.81 0.34 
Dec 13.48 12.97 289.1 0.91 0.38 
January is the month with the highest errors for both maximum and minimum 
o.od also-th.emarl-A~~ 
temperatures, . ~enighest standard deviation for both of the variables. 
This is because strong and frequent cold air waves from east Siberia complicate the 
temperature dependence on elevation by causing larger local inversions to the 
temperature lapse rate. This effect of cold air drainage on the temperature may reach the 
coastal areas of southern China (Zhang and Lin, 1985). 
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Table 4.2 Error statistics for the thin plate spline surfaces of mean monthly 
minimum temperature fitted to 1117 stations across Mainland East 
Asia. There were 325 knots used. All statistics except signal are in unit 
of degrees Centigrade 
Standard RootMSE 
Month Mean Deviation Signal RootGCV 
Jan 0.70 15.60 298.7 1.30 0.58 
Feb 2.73 14.88 304.1 1.16 0.52 
Mar 7.23 12.38 304.1 1.02 0.45 
Apr 12.23 9.82 296.9 0.88 0.39 
May 16.03 7.83 285.9 0.84 0.36 
Jun 18.78 6.16 293.9 0.79 0.34 
Jul 20.48 5.26 297.1 0.74 0.33 
Aug 19.90 5.58 295.1 0.77 0.34 
Sep 16.78 7.25 290.9 0.81 0.36 
Oct 12.25 9.67 289.8 0.93 0.40 
Nov 7.25 12.51 284.1 1.03 0.45 
Dec 2.42 14.67 296.1 1.17 0.52 
July is the hottest month throughout the area and has a very small predictive error for 
both maximum and minimum temperature. Figure 4.3 and 4.4 show the goodness of the 
fitted temperature surfaces by regressions of measured and fitted values of maximum and 
minimum temperature for all stations and months, which with correlatioi:i:coefficients of 
0.9985 and 0.9982, respectively. The highest predictive residuals for individual stations 
are l.72°C for maximum temperature at Ban Tua Yang (99.38°E, 8.28°N, 81 m) in 
Thailand and 2.28°C for minimum temperature at Quynh Nhai (103.57°E, 21.83°N, 802 
m) in Vietnam. 
Surfaces have been also calculated for monthly mean absolute minimum temperature for 
China (Zuo, et al, 1991). The absolute minimum temperature data were adjusted to a 
standard period of 30 years by identifying the extreme values with the corresponding 
percentile points of an autocorrelated daily series with lag 1 correlation of 0.5 in line with 
the correlation values quoted by Richardson (1982). The value of the lag 1 correlation 
was not critical but the overall correlation was significant. Thus differences between the 
extreme value and the monthly mean minimum value were increased by about 20% when 
i 
-! 
adjusting from 5 year extremes to 30 year extremes. The model finally selected to 
interpolate the 30 year monthly extreme minimum temperature Text was given by the 
partial spline model 
Text= f(x,y) + (3 Tmin 
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wheref(x,y) is the thin plate function of longitude and latitude, (3 is a constant and T min is 
the monthly mean daily minimum temperature. The fitted values of (3 and the error 
(Januo.ry, ftfri I, 'Jul';{ a..nd ocfaber) 
statistics for each mid season month~e sliown in Table 4.3. 
The GCV and estimated standard errors were naturally somewhat larger than the 
corresponding error statistics for the mean temperature surfaces, reflecting the greater 
variability and unreliability of extreme minimum temperature data in China. The fitted 
values of (3 were approximately 1.0 so that the thin plate spline functionf(x,y) was 
Figure 4.3 Regression of measured and fitted maximum temperature values for 
all months of 1222 stations across Mainland East Asia 
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Figure 4.4 Regression of measured and fitted minimum temperature values for all 
months of 1117 stations across Mainland East Asia. 
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essentially determined by the daily mean minimum temperature values. The fitted 
functionsf(x,y) were found to vary quite smoothly over China. Incorporating elevation as 
a third independent variable in this spline function did not lead to any significant 
improvement in the fit of the model. The strong dependence of extreme minimum 
temperatures on elevation is thus fully accounted for by a simple linear dependence on 
the monthly mean minimum temperature T min· 
Table 4.3 Fitted constant and error statistics (°C) of the mid-season months of 
the 30 year extreme minimum temperature surfaces 
Mid-season Square root Estimated std 
month ~ GCV error 
January 1.16 2.00 1.44 
April 1.23 1.79 1.16 
July 1.04 1.17 0.57 
October 1.26 1.61 1.09 
4.4 SPATIAL INTERPOLATION OF MONTHLY MEAN 
PRECIPITATION 
· D . · has generally greater spatial variance than temperature. In Mainland East Asia, 
r r.ec1p.:ro.ti~ 
the effects of seasonally alternating air masses of either a dry continental or moist 
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oceanic origin and extremely complicated topography contribute to this variance (Zhang 
and Lin, 1985; Domrtls and Peng, 1988; Oldeman and Frere, 1982; Watts, 1955). 
Monsoon influences the broad pattern of the p·. .., y.rith its changing air currents, 
!e.C!plTat 101'1 
however, topography makes the , .. , . ~ore localised and is one of the most important 
prQ c\ p1tai1ori 
factors that influence the spatial variances of precipitation in Mainland East Asia. Zhang 
and Lin ( 1985) analysed effects of elevation on A . for~ous parts of eastern and 
recipi:blum' 
western China and summarised elevation-precipitation relationships in China as: 
1. lapse rate varied from wet area (Emaishan, 103.33°E, 29.52°N, 
1840m) to semi- wet area (Huangshan, 118.15°E, 30.13°N, 1840m) 
and also from wet season to dry season; 
2. in dry mountain areas, the lapse rate is much smaller and influenced 
significantly by aspect; and 
3. analyses of the rainfall of northern side of Qinling based on 113 
stations show that the amount of rainfall increases as elevation rises 
up to 1400m but decreases as elevation rises above 1400m, whilst 
areas around 1400m receive the maximum amount of precipitation 
(see Figure 4.5 and 4.6). 
Applications of ANUSPLIN to calculate precipitation surf aces in Australia (Hutchinson, 
1989a), Africa (Hutchinson et al, 1996), Indonesia and Philippines (Jovanovic and 
Booth, 1996a; 1996b) have shown that elevation is the most appropriate available third 
independent variable and accordingly, latitude, longitude and elevation were selected as 
spline variables in fitting thin plate spline surfaces for precipitation of Mainland East 
Asia. 
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4.4.1 Monthly Mean Precipitation Data 
Due to the higher variance of rainfall, a denser network of station data is needed to 
interpolate rainfall than that needed for temperature. Monthly mean precipitation data 
have been collected from a large number of meteorological stations in China, Thailand, 
Vietnam, Laos, Kampuchea and Malaysia. Additional data for Thailand were also 
obtained from the Department of hrigation, the Department of Forestry and the 
Electricity Generation Authority of Thailand. Again a few stations from the surrounding 
countries have been included to keep the continuity of the output surfaces in the 
boundary areas. The data for all of these stations were recorded between the 1950's and 
the early 1980's. 
Figure 4.5 Relationship between amount of annual rainfall and elevation in 
northern side of Qinling based on data for 113 stations (After Zhang 
and Lin, 1985) 
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Figure 4.6 Relationship between amount of monthly rainfall and elevation in 
northern side of Qinling based on data for 113 stations (After Zhang 
and Lin, 1992) 
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Because the data for Thailand were measured by different agencies, they were checked 
and compiled carefully to ensure their reliability. ElevatioQ.s for a number of stations 
were found from 1:50 000 scale maps as they were not recorded in the data. Over 700 
stations with less than 7 years of record were excluded from the total 1500 Thailand 
stations because they were thought to be unreliable. Data for 5 stations were merged as 
although the name had been changed, the location values were almost identical. Twenty-
nine stations were deleted for which conflicting observations were found between 
different stations of different agencies. The records of some stations were extraordinarily 
higher or lower than their very close neighbours even though physical factors and/or 
recording periods were similar. The monthly values of these stations for each actual 
recorded year were carefully compared. Some of these stations had short or 
discontinuous records, which coincidentally picked up the wet or dry years, other 
discrepancies were probably due to systematic errors during measurement. Records from 
hydrological stations were found generally higher than those from meteorological 
stations and data from experimental stations were normally higher than meteorological 
stations. For example, data for Thailand station Pilok Mine and its surrounding stations 
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are showed in Figure 4. 7, The locations, elevations and recording period are shown m 
Table 4.3. All these stations are very close, with similar elevation, and topography maps 
at 1 :50 000 scale show that there are no big mountains between them, which may block 
the monsoon. It does not seem possible for Pilok Mine to receive such a higher rainfall 
than the others for a long term monthly mean, and it was deleted from the data sets. 
Figure 4.7 Comparison of rainfall values for Pilok Mine, Thailand (98.54°E, 
14.84°N, 200m) and surrounding stations 
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Table 4.4 Locations, elevations and length of records for Pilok Mine, Thailand 
(98.54°E, 14.84°N, 200m) and surrounding stations 
Name Long. (0 E) Lat. (0 N) Elev. (M) Rec. length 
PilokMine 98.53 14.84 200.0 30 
A.Sangkhla Buri 98.46 15.11 260.0 30 
Wiset Kun School 98.48 14.82 115.0 12 
Ban Wang Pa Tho 98.52 14.89 100.0 17 
Ban Rai School 98.54 14.71 182.0 15 
A. hong Pha Phum 98.64 14.74 97.0 27 
Wat Hin Dat School 98.72 14.60 80.0 15 
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Figure 4.8 Spatial distribution of 3832 precipitation stations and split of rainfall 
surface tiles across Mainland East Asia 
Finally, data for 3832 rainfall stations were used in this study, which all have at least 7 
years of record and most of them have a 20 -30 years recording period, which are 
recorded between the early 1950s and the mid-1980s. Like the temperature data, the 
rainfall data points are very sparse for west China, Laos and Kampuchea but provide a 
very good coverage for east China, Thailand and Vietnam. Most of the data points of 
Peninsula Malaysia used in this study are located close to its west coast and very few in 
the eastern side. It would be desirable to have more stations to fill in gaps in the 
central and eastern area. Figure 4.8 shows the spatial distribution of the stations used in 
this study. 
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4.4.2 The thin plate spline surfaces 
The total area was split into eight regions based on rainfall pattern, number of stations 
within overlap zones and data quality. From north to south, these regions are west China, 
Northeast China, Southeast China, north Thailand, north Vietnam, south 
Table 4.5 The geographical limits of the eight precipitation surface tiles for 
Mainland East Asia 
Surface Name Longitude limits Latitude limits 
West China 73 .0 - 105).0°E 20.0 - 50.0°N 
Northeast China 105.0 - 136.0°E 33.0 - 55.0°N 
Southeast China 105.0 - 125.00E 16.0 - 35.0°N 
North Thailand 97.0- 106.0°E 9.9- 24.0°N 
North Vietnam 102.4 - 110.0°E 15.0 - 24.0°N 
South Vietnam 102.4 - 110.00E 8.3 - 19.0°N 
Peninsula Thailand 97.0- 104.0°E 4.0-10.9°N 
Peninsula Malaysia 97.0- 104.5°E 1.0- 7.5°N 
Vietnam, Peninsula Thailand and Peninsula Malaysia. This divisions resulted from a 
number of considerations. First, the capacity of the host hardware limited the number of 
stations used per surface, and accordingly surfaces for northeastern China and 
southeastern China were split. Secondly, differences of rainfall pattern influenced the 
results of fitted surfaces, and western China, Peninsula Malaysia and Peninsula Thailand 
were split. Thirdly, data quality were taken into account in splitting different surfaces. 
As stated above, data for Thai stations have higher variances than the ones for other 
countries, as the data were measured by different agencies with varied lengths of record, 
and efforts had to be made to minimise influences on the surfaces of other regions. 
Surfaces for China, Thailand, Vietnam and Peninsula Malaysia can apply their own 
surfaces for other applications at a national level, while Laos and Kampuchea cannot be 
extracted as too few stations were available. 
Finally the split lines were carefully selected where stations were more densely 
distributed and two degrees overlap were allowed between the tiles in order to join them 
' i 
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smoothly together to construct the regular grid climatic data sets with the DEM. For 
example, surfaces set for southeastern China reach 36°N in its northern boundary while 
swf aces set for northeastern China starts at 34 °N in its southern boundary. They were 
joined together at 35°N when constructing the complete data sets. Table 4.4 shows the 
geographical limits for each of these swface tiles and their joining lines are shown in 
Figure 4.8. 
As the year by year variances of precipitation are normally much larger than temperature 
and the data used are not in a standard length of record, the precipitation surfaces were 
fitted for each tile using SPLINBB program. This program fitted twelve monthly 
swfaces simultaneously, but with each monthly mean data set weighted according to the 
approximate local error variance estimate 
cr2/N 
where d is the year to year variance of the monthly precipitation totals and N is the 
number of years of record. This weighting factor was introduced by Hutchinson and 
Bischof (1983) and discussed in Hutchinson (1995). It is appropriate for precipitation 
means for which year to year variability is a significant factor in assessing data errors. 
Since actual monthly data were unavailable for most stations, the variances were 
estimated by the formula 
CJ 2 = 1.77 X el.6489xMEAN 
where MEAN is the monthly mean. This formula was obtained by regression of the 
logarithm of monthly precipitation variances on the logarithm of monthly precipitation 
means for Australia and holds reasonably well world-wide for the purpose of fitting mean 
precipitation swfaces (Hutchinson, 1995; Hutchinson et al, 1996). 
Predictive errors for each of these eight surfaces are varied in regard to number of data 
points and data quality. Western China has a higher percentage because the data points 
are very sparse in Xijiang and Qinghai-Xizang Plateau and mean precipitation in most 
areas are relatively low. Predictive errors for these areas were often high in percentage 
term but low in actual precipitation amount. 
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For Southeast Asia, the surfaces for northern Thailand, northern and southern Vietnam 
also fitted very well although some individual stations have shown high predictive error 
(which will be discussed below). However, surlaces for Peninsula Thailand and Peninsula 
Malaysia have predictive errors slightly higher than 10%. This is, probably, due to the 
different seasonal rainfall pattern that result from multi-directional air currents through 
the Malaysia-Thailand Peninsula. Wind direction may be worth evaluating as a spline 
variable in this case, but the information was not available for this study. Sparse data 
points in Peninsula Malaysia are another reason for rainfall surlaces with relating high 
predictive error because the varied rainfall pattern in the area requires a more densely 
distributed network. There are generally much higher predictive errors for all the 
precipitation surlaces of Southeast Asia than for the China. 
Although rainfall patterns in tropical areas are normally more complicated than temperate 
areas, conflicting observations of data for very close stations are the major reason for 
high predictive residuals. The data values from different sources for stations at the same 
or nearby sites were often found to have big differences due to differences in the length 
of record and in the period of record. The detailed error analysis for each of the eight 
precipitation surlaces are discussed in the following sections. 
4.4.2.1 West China 
The precipitation surfaces of west China cover the dry deserts of Xinjiang and Inner 
Mongolia, the high Qinghai-Tibet Plateau and the most mountainous areas of China. In 
total there were totally 765 stations within the region. The data points are very sparse in 
some regions of west China due to its uninhabitable environment. A few stations from 
Mongolia, Russia, India, Nepal, Burma, Thailand, Laos and Vietnam were included. 
Surlaces for western Qinghai-Xizang Plateau and deserts of Xingjiang may not be 
accurate because there were no stations available in these areas. 
The statistical errors of the fitted surfaces for monthly precipitation across western China 
are shown in Table 4.6. These statistics show that the predicted errors were below 10% 
of mean precipitation values during wet months. Although the percentages for predictive 
errors were higher during dry months, the actual amounts of predictive errors were also 
very low. 
Table 4.6 Error statistics for thin plate spline surfaces of precipitation fitted to 
765 stations across Western China. There were 350 knots used. All 
statistics except the signal are in units of millimetres 
71 
Standard Predictive .. 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 12.06 11.03 311.8 4.29 2.11 17.5 
Feb 14.74 14.72 331.4 5.28 2.62 17.8 
Mar 23.99 21.45 324.7 7.39 3.65 15.2 
Apr 54.38 44.93 313.7 12.30 6.03 11.1 
May 100.24 78.71 317.0 19.50 9.60 9.6 
Jun 137.98 106.42 330.1 25.80 12.80 9.3 
Jul 159.51 115.13 336.0 28.50 14.20 8.9 
Aug 157.01 116.79 332.6 25.90 12.80 8.2 
Sep 108.11 81.45 323.7 21.00 10.40 9.6 
Oct 66.94 51.08 323.6 14.10 6.95 10.4 
Nov 28.37 23.21 313.S 7.56 3.72 13.1 
Dec 12.78 11.96 317.7 4.32 2.13 16.7 
Errors for individual stations with high root mean square residuals were also examined. 
Some stations of Northwest China have very low values of precipitation and this resulted 
in high root mean square residual values although the actual differences between the 
measured and estimated values were relatively small. Several Thailand stations with high 
residuals were found to have conflicting observations to stations near by. They will be 
discussed below in surfaces of North Thailand in section 4.4.2.4. Figure 4.9 shows the 
goodness of the fitted surfaces by regression of measured and estimated values of 12 
months for all 783 stations, with a correlation coefficient of 0.991. The highest predictive 
error for individual station is 33.6 mm for Thailand station Doi Tung Forestry (99.93°E, 
20.23°N, 390m). For China stations it is 23.6 mm for Anxi (95.77°E, 40.53°N, 117 lm). 
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Figure 4.9 Regression of measured and fitted precipitation values for all months 
of 783 statio11in West China 
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4.4.2.2 Northeast China 
The precipitation surfaces for Northeast China were split mainly on the basis of number 
of data points. In to~ 968 stations were within the limit of thin plate spline 
surfaces and a few stations of Korea, Russia and Mongolia were also included. These 
stations are well distributed over areas covered by the thin plate spline surfaces of 
Northeast China. 
The statistical errors of the fitted surfaces for monthly precipitation across the Northeast 
China are shown in Table 4.7. These statistics show that the overall predict~veerrors 
were very low, which were all around 5% of the mean precipitation values for most 
months, and were slightly higher for the winter months. But actual amounts of predictive 
errors were very low throughout all months. Figure 4.10 shows the goodness of the 
fitted surfaces by regression of measured and estimated values for all of 955 stations with 
a correlative coefficient of 0.996. The highest predictive error for individual stations is 
11.8 mm for Suiping (114.00°E, 33.15°N, 64m). 
Table 4. 7 Error statistics for thin plate spline surfaces of precipitation fitted to 
955 stations across the Northeast China. There were 400 knots used. 
All statistics except the signal are in units of millimetres 
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Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 5.30 4.39 274.0 1.22 0.55 10.4 
Feb 7.80 5.63 305.0 1.41 0.66 8.5 
Mar 14.56 10.44 318.6 2.03 0.96 6.6 
Apr 32.85 17.92 278.3 3.56 1.62 4.9 
May 40.70 16.76 245.8 4.28 1.87 4.6 
Jun 69.65 23.45 252.0 7.69 3.39 4.9 
Jul 153.20 53.60 330.7 13.30 6.35 4.1 
Aug 123.98 39.28 330.l 12.10 5.75 4.6 
Sep 67.08 25.57 252.6 6.85 3.02 4.5 
Oct 33.97 14.67 287.4 3.23 1.48 4.4 
Nov 15.90 9.75 260.7 2.78 1.24 7.8 
Dec 6.12 4.52 317.8 1.17 0.55 9.0 
4.4.2.3 Southeast China 
Again the rainfall surfaces of Southeast China were split to allow for the processing 
capacity of the program and its host computer. The region covers the wettest and most 
populated parts of China. There were 1318 stations within the limit of the thin plate 
surf aces and among them, some Vietnam stations were also included. These stations are 
densely distributed over all areas covered by thin plate surfaces of Southeast China. 
The statistical errors of the fitted surfaces for monthly precipitation across the Southeast 
China are shown in Table 4.8. These statistics show that the overall predicted errors 
ranged from 4.28% to 8.59% of the mean precipitation in April and in January, 
respectively. Figure 4.11 shows the regression of measured and estimated values for all 
of 1318 stations, which with a correlative coefficients of 0.992. The highest predictive 
error for Southeast China and for all China stations is 27.7 mm at Yinxian (121.57°E, 
30.87°N, 4m). 
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Figure 4.10 Regression of measured and fitted precipitation values for all months 
of 955 stations in Northeast China 
mm 
400.0 
Correlation Coefficient = 0.996 
•. ·.: "· 
· ..... :·: ·: /·~:/·\· 1 ·~ 200.0 
.. :I"~''( ~ 
0.0 1£:..._ __ _.__ __ __._ __ ___._ __ ___, 01/Y'J 
0.0 200.0 400.0 
Measured 
Table 4.8 Error statistics for thin plate spline surfaces of precipitation fitted to 
1318 stations across the Southeast China. There were 450 knots used. 
All statistics except the signal are in units of millimetres 
Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 30.40 22.83 447.7 5.52 2.61 8.6 
Feb 43.96 33.28 392.4 6.81 3.11 7.1 
Mar 69.42 49.02 422.1 8.25 3.85 5.6 
Apr 116.64 64.88 412.3 10.80 4.99 4.3 
May 156.40 89.84 407.4 16.90 7.80 5.0 
Jun 180.72 90.55 419.3 20.40 9.49 5.3 
Jul 175.29 65.33 421.9 21.00 9.80 5.6 
Aug 164.41 73.12 412.0 20.50 9.52 5.8 
Sep 123.26 76.66 401.9 17.50 8.08 6.6 
Oct 81.34 72.91 442.6 11.80 558 6.9 
Nov 48.52 44.72 448.2 8.09 3.83 7.9 
Dec 28.85 23.35 448.9 4.78 2.26 7.8 
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Figure 4.11 Regression of measured and fitted precipitation values for all months 
of 1318 stations in Southeast China 
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4.4.2.4 North Thailand 
The rainfall surfaces of north Thailand were split to allow for its large amount of data 
points, rainfall pattern and data variances. The surfaces cover all areas of Thailand except 
the Peninsula, and areas of Laos and Kampuchea. The topographical features exert 
strong influences on rainfall patterns in the area. Along the entire Tum.Burma boundary, 
rugged ranges from north to south block the monsoon from Indian Ocean so that much 
less rainfall~ Thailand than Burma. Mountains in Lao-Vietnam boundary have also 
is. ~'l-h/~d 
influence on the rainfall of northern Thailand. Another mountain range influencing the 
climatic conditions is the Central Highlands (Oldeman and Frere, 1982), which separates 
Northeast Thailand and Central Valley. 
There were 1428 stations within the limit of North Thailand rainfall surfaces, mainly 
Thailand stations with a few stations from China, Burma, Laos, Kampuchea and 
Vietnam. Although stations with extraordinary high or low records were deleted (see 
section 4.4.1), the general variances were still higher than the stations used in calculating 
surfaces of China. 
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The statistical errors of the fitted surfaces for monthly precipitation across the Southeast 
China are shown in Table 4.9 These statistics show that the overall predicted errors were 
around 7% of the mean precipitation values throughout wet months from May to 
October. Errors percentage were much higher during the dry months, which reached the 
highest in January to 27.21 % of the mean precipitation value. However, the actual root 
MSE values for all these dry months were very low, ranging from 2 to 7 mm. Figure 4.12 
shows the goodness ofthe fitted surfaces by regression of measured and estimated values 
for all 1428 stations, which had a correlat~ncoefficient of 0.986. The error for 
individual stations was found to be much higher than the surf aces of China, which may 
be due to the complex rainfall pattern of tropical area, however, the data measured by 
different agencies, different periods, as mentioned above, are certainly major reasons for 
the higher error rate. 
Table 4.9 Error statistics for thin plate spline surfaces of precipitation fitted to 
1428 stations across northern Thailand. There were 500 knots used. All 
statistics except the signal are in units of millimetres 
Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 8.27 9.68 254.1 5.97 2.25 27.2 
Feb 14.49 11.17 270.3 8.52 3.34 23.1 
Mar 26.00 14.07 254.8 12.10 4.24 16.3 
Apr 68.22 27.43 272.0 17.90 7.03 10.3 
May 167.76 53.09 329.2 27.30 11.50 6.9 
Jun 174.01 101.35 418.4 29.50 13.40 7.7 
Jul 191.18 108.60 431.2 30.40 14.00 7.3 
Aug 220.28 116.24 411.2 33.50 15.20 6.9 
Sep 255.07 73.43 357.5 36.30 15.70 7.1 
Oct 143.98 58.25 318.7 25.80 10.70 7.4 
Nov 40.77 40.42 283.2 16.20 6.45 15.8 
Dec 9.49 14.23 270.2 6.60 2.34 24.7 
4.4.2.5 North and south Vietnam 
Vietnam was split for its rainfall pattern and data variances. The two surfaces cover . 
Vietnam and areas of Thailand, Laos and Kampuchea. Because very few Laos and 
Kampuchea stations were included in the data set, a number of Thailand stations were 
included. Some Chinese stations were also used in calculating the surfaces for north 
77 
Figure 4.12 Regression of measured and fitted precipitation values for all months 
of 1428 stations in North Thailand 
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Vietnam. The total number of stations used in calculating rainfall surfaces of north and 
southern Vietnam were 482 and 398, respectively. The reason for a smaller number of 
stations and area for Vietnam surfaces is to prevent them from covering areas of China 
so that surfaces fitted for each country are based mainly on stations of their own. 
The statistical errors of the fitted surfaces for monthly precipitation across the northern 
and southern Vietnam are shown in Table 4.10 and 4.11. The overall predictive errors 
for surfaces of northern and southern Vietnam were similar to those of North Thailand. 
These statistics show that the overall predicted errors were generally below 10% of the 
mean precipitation values throughout wet months from April to October. Errors 
percentage were much higher during the dry months, which reached the highest in 
December to 30.87% and in January to 28.19% of the mean precipitation values for 
northern and southern Vietnam, respectively. However, the actual root MSE values for 
all these dry months were very low. 
I 
I 
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Figure 4.13 Regression of measured and fitted precipitation values for all months 
of 482 stations in North Vietnam 
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The individual stations with high predictive errors for both swfaces were found mostly in 
Thailand and possible reasons for these errors have been discussed already. Figure 4.13 
and 4.14 shows the regression of measured and estimated values for all stations of north 
and south Vietnam swfaces, which with a c.orrelative coefficients of 0.988 and 0.984, 
respectively. The highest predictive errors for individual stations within North and South 
Vietnam swfaces were 36.7 mm and 36.5 mm for Kaeng Loeng Chan Tank (103.27°E, 
16.18°N, 145m) and A Khao Saming(102.44°E, 12.35°N, lOm), respectively. 
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Table 4.10 Error statistics for thin plate spline surfaces of precipitation fitted to 
482 stations across northern Vietnam. There were 17 5 knots used. All 
statistics except the signal are in units of millimetres 
Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 14.73 20.58 94.7 8.70 3.46 23.5 
Feb 19.96 13.94 90.9 8.20 2.90 14.5 
Mar 33.31 14.38 88.1 11.70 4.07 12.2 
Apr 84.05 28.51 99.2 16.70 6.75 8.0 
May 184.57 45.14 129.6 27.40 12.20 6.6 
Jun 229.13 78.95 150.3 31.90 14.80 6.5 
Jul 236.17 92.40 152.6 34.00 15.80 6.7 
Aug 280.90 95.64 143.3 34.80 15.90 5.7 
Sep 251.89 83.86 135.6 36.30 16.30 6.5 
Oct 122.80 115.25 164.6 25.40 12.00 9.8 
Nov 42.09 90.51 152.2 26.50 12.30 29.2 
Dec 16.81 37.13 137.1 11.50 5.19 30.9 
Table 4.11 Error statistics for' thin plate spline surfaces of precipitation fitted to 
398 stations across southern Vietnam. There were 17 5 knots used. All 
statistics except the signal are in units of milli~etres 
Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 9.25 22.49 146.3 9.74 2.70 29.2 
Feb 13.34 11.81 110.6 7.69 3.44 25.8 
Mar 27.92 13.43 90.6 11.70 4.70 16.8 
Apr 75.21 25.55 91.1 18.00 7.57 10.1 
May 182.51 46.72 119.6 26.40 12.10 6.6 
Jun 214.60 93.62 147.8 32.70 15.80 7.4 
Jul 214.05 96.32 150.7 31.50 15.30 7.2 
Aug 261.55 116.99 153.1 34.20 16.60 6.4 
Sep 277.89 75.78 120.2 37.50 17.20 6.2 
Oct 143.45 136.06 151.9 29.60 14.40 10.0 
Nov 51.92 123.49 164.0 36.10 11.80 22.7 
Dec 17.02 53.66 171.8 17.20 4.52 26.6 
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Figure 4.14 Regression of measured and fitted precipitation values for all months 
of 398 stations in South Vietnam 
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4.4.2.6 Peninsular Thailand and Peninsular Malaysia 
The rainfall pattern of Peninsula Thailand and Malaysia is totally different from the other 
areas of Mainland East Asia. The whole peninsula was split into two surfaces because it 
covers areas of Vietnam and Kampuchea where data for available stations were not 
dense enough to keep the continuity of split surf aces, because ANUSPLIN calculates 
only rectangular thin plate spline climatic surfaces. With multi-directional monsoons from 
Pacific and Indian Oceans in the equatorial area, the overall predictive errors for these 
two surf aces were much higher than any of the other swf aces discussed above. 
The statistical errors of the fitted swfaces for monthly precipitation across the Peninsular 
Thailand and Peninsular Malaysia are shown in 4.12 and 4.13. These statistics 
show that the overall predicted errors were all around .i0% of the mean precipitation 
values during wet months. Pr'2dl em>~were much higher during the ctry months, 
which were over 20% of the mean precipitation values for both areas. The actual root 
MSE values for all these dry months were also above 30 mm. 
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Figures 4.15 and 4.16 show the regression of measured and estimated values for all 
stations of Peninsula Thailand and Peninsula Malaysia, with correlation coefficients of 
0.988 and 0.984, respectively. The individual stations with highest predictive errors for 
both surfaces were in Malaysia. These are 47.5 mm and 62.0 mm at A. Pak Phayun 
(100.17°E, 7.25°N, 35m) and Taiping (100.67°E, 4.83°N, 18m), respectively. More data 
points may be needed to define the complex rainfall pattern in this equatorial area, but 
errors in data coding and entry and in georeferencing may be responsible. 
Figure 4.15 Regression of measured and fitted precipitation values for all months 
of 200 stations in Peninsular Thailand 
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Table 4.12 Error statistics for thin plate spline surfaces of precipitation fitted to 
200 stations across Peninsular Thailand. All statistics except the signal 
are in units of millimetres 
Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 70.81 52.26 106.3 34.20 16.60 23.4 
Feb 33.78 31.32 105.6 15.60 7.79 23.1 
Mar 55.49 44.44 101.8 22.10 10.80 19.5 
Apr 108.38 58.31 109.S 31.40 15.60 14.4 
May 212.21 94.48 111.1 46.90 23.30 11.0 
Jun 189.99 145.67 148.4 47.50 20.80 11.0 
Jul 201.17 148.43 158.2 46.30 18.80 9.4 
Aug 213.94 172.15 140.6 60.40 27.60 12.9 
Sep 247.76 152.42 139.4 55.90 25.70 10.4 
Oct 274.22 63.89 103.6 49.20 24.60 9.0 
Nov 341.28 161.21 109.9 66.00 32.80 9.6 
Dec 213.56 157.78 124.3 61.10 29.60 13.9 
Table 4.13 Error statistics for thin plate spline surfaces of precipitation fitted to 
150 stations across Peninsular Malaysia. All statistics except the signal 
are in units of millimetres 
Standard Predictive 
Month Mean Deviation Signal RootGCV RootMSE Error% 
Jan 86.78 62.23 77.2 40.4 19.60 22.6 
Feb 42.25 44.51 86.S 18.80 9.35 22.1 
Mar 70.57 59.56 80.6 26.40 12.90 18.3 
Apr 121.03 65.04 92.6 33.90 17.00 14.1 
May 199.11 68.18 91.2 42.70 21.30 10.7 
Jun 155.42 79.16 127.1 32.30 14.60 9.4 
Jul 169.10 85.06 134.1 34.60 14.80 8.8 
Aug 172.05 87.45 119.2 42.20 20.00 11.6 
Sep 224.46 101.75 109.3 47.30 23.20 10.3 
Oct 268.38 52.93 77.7 47.10 22.90 8.5 
Nov 362.09 161.25 101.4 69.00 34.40 9.5 
Dec 261.56 160.56 109.7 66.10 32.40 12.4 
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Figure 4.16 Regression of measured and fitted precipitation values for all months 
of 150 stations in Peninsula Malaysia 
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4.5 DAILY TOTAL SOLAR RADIATION 
Daily total solar radiation has long been recognised as one of the most important climatic 
factors affecting plant growth as it not only provides energy for plant photosynthesis but 
also affects temperature and potential evaporation on the earth's surface. However, 
fewer analyses of its spatial variation have been presented in Mainland East Asia than for 
temperature and rainfall. The Climatic Atlas of China (SMAC, 1978) contains maps of 
daily total solar radiation for China. Zhang and Lin (1985) also analysed annual and 
seasonal spatial distribution of daily total solar radiation for China based on values 
estimated from percentage of sunshine duration. Although sunshine duration and 
cloudiness are nopnally thought to be the most important factors affecting the amount of 
total radiation at similar latitudes, they found the high Qinghai-Xizang Plateau has much 
higher radiation due to about 40% less air mass than low plain areas. Analysis of total 
radiation of Southeast Asia (Oldeman and Frere, 1982) showed that total radiation is 
closely related to bright sunshine duration and amount of rainfall. Because radiation is 
measured at very few weather stations it needs to be estimated from other climatic 
variables before fitting thin plate spline surfaces. 
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4.5.1 Data 
There are about 120 meteorological stations measuring daily total solar radiation in 
Mainland East Asian countries. Data were obtained from a total of 107 stations mostly 
from China and Peninsula Malaysia. Unfortunately despite every effort, no data for 
Vietnamese stations could be obtained, although daily total solar radiation data are 
known to exist for at least 10 stations (Booth, personal communication). The spatial 
distribution of radiation stations are shown in Figure 4.17. It is not possible to fit reliable 
radiation thin plate spline surfaces based on the data for these few stations, so radiation 
values for more sites had to be estimated. Radiation can be estimated from other climatic 
variables like sunshine duration (Hutchinson et. al., 1984 ), cloudiness (Oldeman and 
Frere, 1982) and temperature and rainfall (Bindi and Miglietta, 1991). The most 
extensively used method has been the basic relationship between solar radiation and 
sunshine duration deteloped by Angstrom (1924) with modifications. The modified 
version of Prescott (1940) was proposed to estimate solar radiation for Southeast Asia 
(Oldeman and Frere, 1982). It is given as 
Q/a, =a+bn/ N 
where Q is estimated total radiation, Qo is the radiation received on a horizontal surf ace 
at the top of atmosphere, n is the actual sunshine duration and N is the maximum 
possible sunshine duration. The constants a and bare determined by least-squares linear 
regression and are found in practice to vary with geographic location (Hutchinson et al, 
1992). Studies of Penman (1956) for U.K. and Ghana, DO.llies (1965) for Nigeria, 
Hounam(\'f or Australia suggest that this relationship should have worldwide validity 
\q6q) 
(Oldeman and Frere, 1982), and Frere and Popov (1979) developed different sets of 
coefficients for the cold and temperate climates, dry tropical zones and humid tropical 
zones. 
Figure 4.17 Spatial distribution of 107 measured radiation stations across 
Mainland East Asia 
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Earlier attempts in China made to estimate the solar radiation adopted similar methods. 
Zhu and Yang (1955) and Yin (1957) estimated the solar radiation of eastern China and 
Xiao (1959) estimated the radiation value for 26 sites across China. Later in 1980, after 
comparison with the earlier studies, Wang estimated the total radiation of China using a 
modified Angstrom equation as 
where S is the percentage of sunshine equal to n!N in the above equations. He also found 
the variance for coefficient a and b over geographical locations in China, and adopted 
different values for coefficient a are 0.18 and 0.29 for eastern China and western China, 
respectively, whilst b was calculated by the following equation: 
1 
b = 0.55+ 1.11-
En 
where En is annual average vapour pressure (mb). finally the equations are 
1 Q = C?o[0.18 + (0.55 + l. l l-)S1] 
En 
for eastern China and 
Q = C4i(0.29+0.557S1) 
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for dry western China. The predicted errors for monthly total radiation are less than 10% 
for input data with average values between 1951and1970 (Zhang and Lin, 1985). 
Hay (1979) has shown that some of these variations can be accounted for by considering 
surface albedo. This is approximately 0.2 for much of the earth's land surface but can be 
as high as 0.8 over snow. Hay's modified equation is given by 
Q'IC?o =a+bn/ N 
where Q' is actual solar radiation before multiple reflections between the earth's surface 
and cloud, with a and b again determined by regression analysis. 
In this study, a further modified Angstrom equation proposed by Hutchinson et al (1992) 
was used to estimate total solar radiation values from sunshine duration data. The 
equation takes account of the prevailing air mass through which solar radiation has to 
penetrate to reach the earth's surface in a more physically interpretable fashion than 
earlier empirical attempts. The equation is given by 
Q'IC?o = a+bwn IN 
where w=exp(-0. lm) and m is the effective mean optical air mass over all daylight 
1hours for the month (see Hay, 1979). Coefficients were obtained by regression analysis 
Figure 4.18 Spatial distribution of 898 estimated radiation stations across 
Mainland East Asia 
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for actual monthly solar radiation and sunshine hour data of 95 stations (see Figure 4.17) 
from Peninsula Malaysia to the far north of China (1 °N - 55°N) with a correlation 
coefficient 0.9649. Separate regressions for northern China (correlation coefficient = 
0.9232), southern China (correlation coefficient= 0.9253), and Southeast Asia 
(correlation coefficient= 0.8983) show little difference to taking the region as a whole. 
Finally the equation used to estimate radiation values for 898 locations (see Figure 4.18) 
across Mainland East Asia was given as 
Q'f(l = 0.133+0.624wn IN 
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4.5.2 The thin plate spline surfaces 
Estimated radiation values, from 803 stations with sunshine duration, together with 95 
measured stations were used to calculate thin plate spline surlaces which express total 
radiation in terms of latitude, longitude and elevation. Hutchinson et al (1984) used 
longitude, latitude and cloudiness index in estimating the spatial distribution of solar 
radiation of Australia in which the cloudiness index was calculated from monthly mean 
precipitation. A further example using this cloudiness index as the third spline variable 
was also given by Hutchinson (1989a) for applying at Hunter Valley, Australia. This 
cloudiness index was initially used as third independent variable and covariate in fitting 
total radiation surlaces, however, it was found that using elevation for the third 
independent variable produced smaller predictive errors for Mainland East Asia area. 
This indicated a stronger dependence of total radiation on elevation than cloudiness in 
the dry high plateau of west China. However, it is also consistent with the cloudiness 
analysis of Zhang and Lin (1985) for six high mountains in east China in which they 
Table 4.14 Error statistics for thin plate smoothing spline surfaces of monthly 
mean total radiation of Mainland East Asia. There were 898 stations 
and 250 knots. All statistics in the units of MJ/day/m2 
Standard 
Month Mean Deviation Signal RootGCV RootMSE 
Jan 9.11 3.37 226.0 0.65 0.28 
Feb 11.23 3.55 227.3 0.72 0.31 
Mar 13.99 3.69 218.8 0.82 0.35 
Apr 16.60 3.47 214.2 0.82 0.35 
May 18.34 3.50 211.1 0.85 0.36 
Jun 18.22 3.44 204.4 0.88 0.37 
Jul 18.12 2.31 199.9 0.96 0.40 
Aug 17.02 1.91 191.8 0.87 0.36 
Sep 14.82 1.94 201.3 0.80 0.33 
Oct 12.47 2.45 213.4 0.66 0.28 
Nov 9.91 2.98 227.1 0.64 0.28 
Dec 8.54 3.21 220.1 0.70 0.30 
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indicated that cloudiness has a close relationship with elevation but varied from wet to 
dry season. Thin plate spline swfaces for radiation have been fitted with 250 knots. An 
error analysis for the monthly thin plate smoothing spline swfaces of total radiation of 
Mainland East Asia is shown in Table 4.14. The predictive errors for all months of the 
year are relatively low, ranging from 0.28 MJ/day/m2 in January to 0.40 MJ/day/m2 in 
July, making less than 4% the mean error of estimated stations. This also agrees with the 
errors obtained by Hutchinson et al (1984). The highest predictive error for individual 
stations is 1.49 MJ/day/m2 at K. Terengganu Airport (103.10°E, 5.38°N, Sm) in 
Malaysia. As most data points used in fitting the thin plate spline surfaces were estimated 
already, no correlation regression is presented for radiation as they were for rainfall and 
temperature. 
4.6 POTENTIAL EVAPORATION 
Class A pan evaporation is taken as a measure of potential evaporation in this study. The 
amount of evaporation is generally affected by wind speed, total radiation and 
temperature. Analysis of affecting factors on evaporation in China (Zhang and Lin, 1985) 
showed that the distance from the sea, elevation and slope direction are also important 
factors affecting the amount of evaporation, as these factors also directly affect wind 
speed, radiation and temperature. An analysis of evaporation in Peninsula Malaysia 
suggested that there is a general and rapid decrease of evaporation with increased 
distance from the coast (Nieuwolt, 1974) for the combined effects of convection over the 
land, higher wind speed near the coast and rising elevation inland. Oldeman and Frere 
(1982) summarised the close relationship between radiation and temperature in 
Southeast Asia, and noted that evaporation increases as total radiation increases in the 
Cameron Highlands where annual temperatures are relatively low. In general, elevation is 
the most important factor affecting the evaporation in a direct or indirect way and was 
selected as the third spline independent variable to interpolate the thin plate smoothing 
spline surfaces of Mainland East Asia. 
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4.6.1 Data 
Data for 738 stations with Class A pan measured evaporation data were obtained from 
meteorological. stations of China, Thailand and Malaysia. Additional evaporation data for 
Thailand were also collected from the Hydrological Department, however, they were 
found to be incompatible with the other data. They were probably measured by different 
instruments and could not be used in this study. Only average relative humidity data were 
available for Vietnam and a few Lao stations, from which evaporation values had to be 
estimated. 
There are a number of methods available to estimate potential evaporation. The widely 
used Penman method (Penman, 1948) calculates the evaporation of a short grass surface 
with the assumption of a sufficient water supply. The method is based partly on physical 
considerations of the relative contribution of net radiation and the advective effect on 
potential evaporation, and partly on empirical formulae for estimating both net radiation 
and the precise nature of the adventive effects (Hutchinson et al, 1992). Zhang and Lin 
(1985) found estimated evaporation values estimated by Penman equation to be close to 
the evaporation measured by Class A pan in China. As no measured evaporation, 
radiation and wind speed data were available for Vietnru:nese stations to obtain the 
coefficients of the Penman formula, a formula developed by Hutchinson et al (1992) was 
adopted to estimate the evaporation values for the 165 Vietnamese sites in this study. 
This relates class A pan evaporation to total solar radiation, temperature and saturation 
deficit. It is given by 
E 0 = -0. 40 + 0.122R - 0. 023T + 0. 0036RT + 0. 246S 
Where E0 is pan evaporation in mm/day, R is total radiation in MJ/day/m2, Tis daily 
mean temperature in °C and S is saturation deficit in mbar at temperature T, which is 
calculated from relative humidity and temperature by a equation 
S =VAP (T)+(l-RH /100) 
where RH is average relative humidity and VAP(T) is a function of temperature. 
Including measured evaporation data from 738 stations, a total of 903 evaporation data 
points were available to calculate thin plate smoothing spline surfaces for potential 
evaporation across Mainland East Asia. The spatial distribution of these data points is 
shown in Figure 4.19. 
Figure 4.19 Spatial distribution of 903 evaporation data points across Mainland 
East Asia 
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4.6.2 The thin plate spline surfaces 
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The 903 evaporation data points were used to calculated thin plate smoothing spline 
surfaces which express evaporation in terms of degree latitude, degree longitude and 
elevation in kilometres. An error analysis for these surfaces is shown in Table 4.15. 
Predictive errors for all months lie between 5% and 10% with no greater than 10% of 
mean values, with lowest predictive error in January and highest in May. The regression 
of predicted and measured values for all months and all stations are shown in Figure 
4.20, which with a correlation coefficient of 0.9921. The highest predictive error for an 
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individual stations is 27.4 mm for Fuxian (121.75°E, 39.73°N, 29m) in China. The 
source of this error is unknown, but is as likely to be due to instrumental and/or 
observation errors, georeferencing and data coding error as it is due to the surface fitting 
algorithm 
Table 4.15 Error statistics for the thin plate spline surfaces of mean monthly 
evaporation of Mainland East Asia. There were 903 data points and 
350 knots. All statistics except the signal are in units of mm 
Standard 
Month Mean Deviation Signal RootGCV RootMSE 
Jan 63.45 40.13 294.9 11.7 5.49 
Feb 73.67 41.70 312.5 11.6 5.50 
Mar 118.26 52.42 324.6 14.9 7.16 
Apr 164.62 65.55 327.1 18.3 8.78 
May 203.84 89.66 327.7 21.6 10.40 
Jun 196.10 94.94 335.4 19.2 9.27 
Jul 196.88 82.65 332.9 19.4 9.34 
Aug 177.61 72.88 334.0 16.7 8.06 
Sep 145.01 49.47 329.9 14.2 6.82 
Oct 116.72 34.83 316.2 13.8 6.56 
Nov 79.97 31.49 297.4 12.2 5.72 
Dec 63.76 35.95 283.0 11.8 5.48 
Figure 4.20 Regression of measured and fitted evaporation values for all months of 
738 stations across Mainland east Asia 
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4.7 DISCUSSION AND SUMMARY 
All thin plate spline swfaces developed in this Chapter were used to construct the 
gridded climate data sets for agroclimatic analysis across Mainland East Asia described in 
the following Chapters. With these climatic swfaces, values of climatic variables can be 
calculated at any point within the limit of climatic swfaces if latitude, longitude and 
elevation are provided. In this thesis, agroclimatic analyses were all based on the 
geographical framework provided by the DEM developed in Chapter Three, which is 
consists of 434484 grid cells. They could be plotted to either colour image maps or 
conventional isolines climatic maps using GIS tools. The spatial and seasonal patterns of 
these climatic variables were discussed in Chapter 5. 
Finally, some lessons learned from calculating the thin plate spline climatic swfaces 
across Mainland East Asia and summarised as: 
1. Checking data errors. ANUSPLIN is very sensitive to errors in 
the input data file. Errors in geographic co-ordinates, elevations and 
data values can be detected by the program. These errors have to be 
corrected to minimise the predictive errors of output surfaces. Many 
runs are often needed to detect these errors and to obtain accurate 
swfaces. 
2. Record length and period of the data. Ideally, the data should be 
for a standard 30 year period. These data are often not available, 
especially when a high density of data points is required. For stable 
variables such as temperature and radiation, a record length of at 
least five years is reliable enough for calculating climatic swfaces. 
But a longer record of at least 7 years is needed for rainfall, 
especially for tropical areas. 
3. Data point density. Different densities of input data points can be 
needed for different climatic variables. Temperature, radiation and 
evaporation are generally very stable and a reasonably well 
distributed network (see, for example, Figure 4.1) is usually enough 
to obtain accurate swf aces. Precipitation is much more varied and 
needs a much higher density of stations. The more varied the rainfall 
pattern, the more data points are needed. 
4. Accuracy of the surfaces. According to the GCV values 
calculated by ANUSPLIN and regression of actual values and 
estimated values for all of the stations, the climatic surfaces for 
temperatures, precipitation radiation and evaporation described in 
this Chapter are sufficiently accurate to be used in spatial analysis of 
climate and its related fields such as cropping systems and forestry 
for most areas of Mainland East Asia. The error contents were 
mostly relatively small except for rainfall surfaces for Peninsula 
Malaysia which has larger predictive residuals for Taiping in the east 
side of the Peninsula. More stations are needed to define the 
complicated rainfall patterns. No data were available for areas above 
5000m in the Qinghai-Xizang Platuea in west China so that all 
estimates for grid cells much above this elevation must be treated 
with caution. 
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CHAPTERS 
THE CLIMATIC ENVIRONMENTS OF 
MAINLAND EAST ASIA 
5.1 INTRODUCTION 
95 
The digital elevation model (DEM) developed in Chapter Three and the thin plate spline 
climatic surlaces developed in Chapter Four provided essential inputs for development of 
the GIS-based agroclimatic analysis. The regular grid climatic database, (constructed 
using these climatic surlaces and the DEM) enables all analyses to be processed cell by 
cell across the whole of Mainland East Asia. The objective of this Chapter is to 
characterize the climatic environments in which the agricultural systems of Mainland East 
Asia occur, based on the spatial climatic database with assistance of GIS spatial analysis 
and mapping tools. 
The climate of Mainland East Asia ranges from a strong monsoon dominance in 
Southeast Asia and East China to a continental climate in West China. The reversal of 
prevailing winds in summer and winter are the most important factors in the formulation 
of distinct seasonal changes. During the summer, warm and moist air masses from the 
Pacific and Indian Oceans result in hot and wet environments for most parts of the 
region, whilst cold waves from the north in the winter sweep almost the whole of 
Mainland East Asia. The large range in latitude and predominantly mountainous 
topography with the highest plateau in the world, Qinghai-Xizang (Tibet) Plateau, are 
the other important factors to produce the extreme and complex climatic patterns. All 
previous climatic analyses for Mainland East Asian countries have been restricted to data 
from a limited number of stations (Oldeman and Frere, 1982; Zhang and Lin, 1985; 
Domr<>s and Peng, 1988). Inevitably, this limitation has led to overly simplified 
descriptions of the complex climate of Mainland East Asia. 
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Annual and seasonal mean (or total) values for solar radiation, maximum and minimum 
temperature, precipitation and class 'A' pan evaporation were used in characterizing the 
climatic environments for crop production. To facilitate description of broad climatic 
controls maps were generated for selected climatic variables; these included annual mean 
values as well as summer and winter seasonal values. ARC/INFO mapping programs 
used the climatic variable values estimated for 434,484 grid cells across Mainland East 
Asia. Generally, the summer and winter seasonal values are indicative of the most 
favourable and most limiting growth environments respectively. The 'summer 
season'(here defined as June, July and August) is when the climate is under summer 
monsoon influences whilst the 'winter season' (here defined as December, January and 
Febuary) is when the climate is under winter monsoon control. The spring and the 
autumn are transitional periods. While these are not discussed here, maps can be 
generated. These defined summer and winter seasons are consistent with climatic 
conditions in most parts of Mainland East Asia, but of course, for some smaller regions 
they may not be the most appropriate time intervals for broad climatic description. Later 
sections provide more refined analyses and descriptions at much higher levels of spatial 
resolution. 
5.2 SOLAR RADIATION 
5.2.1 Annual Mean Daily Total Solar Radiation 
The highest values (Figure 5.1) are attained in the Qinghai-Xizang Plateau of West China 
where clear skies yield an annual mean daily total solar radiation in excess of 17 
MJ 'm"2 day-lin most of the areas that are over 4000 meters above sea level. Below these 
highest mountain areas, a transition of 14-17 MJ m-2dai1 extends to surrounding upland 
elevations between 1000 and 4000 metres. This extends up to areas around latitude 40°N 
across western Inner Mongolia and southern Xinjiang. In part of tropical Southeast Asia 
with a long dry season, annual mean daily total solar radiation rangs from 14 to 18 MJ m-
2dai1 in Thailand, western Laos, Kampuchea and South Vietnam. But there is a slight 
decline towards the equator in Peninsular Malaysia due to humid weather. The lowest 
values are less than 10 MJ m-2dai1 in an area made up of eastern Sichuan Province and 
northeastern Guizhou Province of China. Cloud analysis (Zhang and Lin, 1985) showed 
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that throughout the year this area is the cloudiest region in China. The other areas with 
low radiation include the Northeast China Provinces of Liaoning, Jilin, Heilongjiang and 
the east end of Inner Mongolia, where values range from 10 to 13 MJ m"2day"1, due to 
the high latitudinal positions of the area and also the wet conditions. At similar latitudinal 
positions in northern Xinjiang, values are slightly higher because of the dry conditions 
throughout the year. 
5.2.2 Summer Mean Daily Total Solar Radiation (June, July, August) 
Summer radiation patterns are generally high in northern China and lower in southern 
China and Southeast Asia, due to differing rainfall patterns. The highest radiation values 
are attained in Northwest China, this includes western Inner Mongolia, Xinjiang and part 
of the Qinghai-Xizang Plateau (Figure 5.2), and range from 20 to 25 MJ m"2day"1. 
Radiation receipts range from 17 to 20 MJ m"2day"1 across eastern China between 
latitude 30 to 50°N, but slightly lower in the eastern rim of Northeast China. The 
Southwest China Provinces of Sichuan, Yunan and Guizhou and northern Laos have the 
lowest radiation during the summer, and values range from 11 and 13 MJ m"2day"1• Low 
radiation values in this area are mainly a result of cloudiness associated with southwest 
monsoons (Zhang and Lin, 1985), and the percentage of sunshine is below 40% in July. 
Radiation values of Thailand, Kampuchea, southern Vietnam and Peninsula Malaysia are 
slightly lower than northern China during the summer months, and range from 13 to 16 
MJ m"2day"1, due to wet and cloudy conditions during this period resulting from the 
combined effects of southeast and southwest monsoons (Oldeman and Frere, 1982). 
5.2.3 Winter Mean Daily Total Solar Radiation (December, January, Feburary) 
During the winter months, high radiation values are found only in Southeast Asia (Figure 
5.3). The highest values range from 16 to 19 MJ m"2day"1 in Thailand, Kampuchea and 
southern Vietnam, due to low latitudinal positions and dry conditions. They are even 
slightly higher than the summer seasons in these areas. Radiation in Peninsular Malaysia, 
however, is similar to the summer season and values range from 15 to 16 MJ m"2day"1• 
Qinghai-Xizang Plateau, Yunnan and western Sichuan, have the highest radiation in 
China and values ranges from 11 to 15 MJ m"2day"1• Radiation values for northern 
Figure 5.1 Annual mean daily total solar radiation (MJ m·zday"1) values across 
Mainland F-'lst Asia 
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Figure 5.2 Mean daily tc>tal solar radiation (MJ rn"2day·1) of summer months 
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Figure 5.3 Mean daily lotal solar radiation (MJ m'2day'1) of winter rnonlhs acrnss 
Mainland East Asia 
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Vietnam and eastern China are between 4 and 8 MJ m-2dai1 with the exception of 
Taiwan, Hainan and coastal areas of Guangdong Province, where it is slightly higher and 
range from 9 to 12 MJ m-2dai1. Southern China Provinces, eastern Sichuan, western 
Hunan and northern Guizhou is a low radiation centre and values range from 4 to 6 MJ 
m-2dai1. There is clearly a latitudinal gradient in radiation values in the area north of 
latitude 40°N in northern China. Radiation values fall from 10 MJ m-2dai1 in southern 
Xinjiang to 4 MJ m-2dai1 in northern Xinjiang, and the lowest radiation falls to 2 MJ m-
2dai1 north of 53 °N in northern Heilongjiang Province. 
5.3 TEMPERATURE 
5.3.1 Maximum Temperature 
The pattern of annual mean maximum temperatures is shown in Figure 5.4. The highest 
values are attained in the Central Plain of Thailand and exceed 33°C. Values for lowland 
areas of Thailand, Kampuchea, southern Vietnam and Peninsula Malaysia are all above 
30°C. As a result of increasing latitudinal positions, maximum temperature values range 
from 21to30°C in northern Vietnam, Laos and southern China provinces of Yunnan, 
Kuangxi, Kuangdong and Fujian. For lowland areas of eastern China and the desert areas 
of southern Xinjiang, values are between 15 and 21°C. Northeast China is colder than 
Northwest China, where annual mean maximum temperature ranges from 3°C in the 
northern Da Hinggan Ling to 13 °C in the coastal areas of Liaoning Province. Qinghai-
Xizang Plateau in western China is the area with the lowest maximum temperature of 
Mainland East Asia, and values are below 0°C for most parts of the plateau. 
During the summer, the mean maximum temperatures are high throughout Mainland East 
Asia (Figure 5.5). Values range from 30° to 33°C across all lowland areas south of 
latitude 40°N and southern and northern Xinjiang up to latitude 45°N. Maximum 
temperature values eveb exceed 33°C at a few places Tarim Basin, Tulufan Basin and 
Junggar Basin of Xinjiang in China. The highest maximum temperature values range 
from 36 to 39°C in Tulufan Basin as a result of high radiation, nearly no rainfall and an 
elevation 30 metres below sea level. Northeast China, which has a similar latitude to 
Northwest China, is much cooler because of the wet weather during this season. 
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Maximum temperato/e values range from 21°C in the alpine area to 28°C in the lowland 
area. Qinghai-Xizang Plateau is the coldest region during the summer due to its high 
elevation. Mean maximum temperatures do not exceed 12°C throughout the Plateau 
except in southeastern Xizang and the low river valleys in which mean summer maximum 
temperature can exceed 30°C. 
During the winter, large spatial variations in maximum temperature are observed in 
Mainland East Asia over increasing latitudinal positions from Southeast Asia to northern 
China (Figure 5.6). Values are close to the summer season only in Thailand, 
Kampuchea, South Vietnam and western Peninsular Malaysia. Eastern Peninsular 
Malaysia is cooler due to the influence of winter rainfall and maximum temperature 
ranges from 18 to 23°C. The maximum temperature decreases with increased latitudinal 
positions in eastern China and drops to 0°C at about 40°N. The 0°C isotherm crosses the 
edges of the high mountains in a northeast-southwestern direction to Southeast Xizang. 
Compared with the summer, Xinjiang is very cold in the winter and values range from 0 
to 4°C in the south and from-15 to -5°C in the north of the Province. In Qinghai-Xizang 
Plateau, values range from -5 to O~C for areas with elevation ranging from 3000 to 4500 
metres and from 0 to 12°C in the lower areas and va.µeys. The lowest maximum 
temperature is found in the Northeast China during the winter, and maximum 
temperature values ranging from 0°C in Liaodong Peninsula to -20°C in northern Da 
Hinggan Ling. 
5.3.2 Minimum Temperature 
The spatial patterns of annual mean minimum temperature are shown in Figure 5. 7. For 
Southeast Asian countries and the coastal areas of southern China, values range between 
18 and 24 °C, and the central Plain of Thailand has the highest minhnum temperature. In 
the lowland areas of eastern China, values range from 10 to 15°C in the south of 
Yangtze River, and fall to 4- 10°C in North China Plain as latitudinal positions rise. The 
0°C isotherm crosses China from the northeast at latitude round 40°N to the southwest 
at about latitude 27°N in Yunnan Province. Minimum temperature is below zero for the 
areas of northern and northwestern China except Turpan Baisn, Tarim Baisn and Junggar 
J02 
I•igure 5.5 Summer mean maximum temperature (°C) across Mainland East Asia 
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Basin of Xinjiang where values range from 0 to 5°C. Northeast China is much colder 
than No thwest China and values fall below 10°C. The coldest area is Qinghai-Xizang 
Plateau where values can fall below -15 °C. 
During the summer, minimum temperature values range from 21°C to 25°C in lowland 
areas from 18 to 21°C in mountainous areas from around latitude 35°N in eastern China 
to Peninsular Malaysia (Figure 5.8). Minimum temperature gradients over latitudinal 
positions are greater than maximum temperature. In lowland areas of northern China, 
values range from 18 to 21°C in the North China Plain and from 15 to 21°C in the 
Northeast China Plain. Different from the extremely high maximum temperature, mean 
summer minimum temperature values are slightly lower than areas with similar 
latitudinal positions in the eastern side of the country and range from 15 to 18°C across 
Northwest China, except Tulufan Basin in which values range from 21to23°C. 
Minimum temperature values for Qinghai-Xizang Plateau are the lowest throughout 
Mainland East Asia, and range from 2 °C in areas about 4500 metres above sea level to 
12°C in the low valleys. 
During the winter, minimum temperature values are very close to the summer in lowland 
areas of Thailand, Kampuchea, Laos, southern Vietnam and Peninsular Malaysia and 
range from 18 to 24°C (Figure 5.9). For northern Thailand, northern Laos, northern 
Vietnam and southern rim of China, minimum temperature ranges from 10 to 15 °C. A 
sharp transition from 10 to 0°C in lowland areas in eastern China between latitude 25 and 
30°N, and 0°C isotherm is around the Yangtze River, edges of Sichuan Basin and ended 
in northern Yunnan Province. Minimum temperature values range from-10 to 0°C in 
North China Plain and from -15 to -10°C in Tarim and Tulufan Basin of southern 
Xinjiang. Very low minimum temperatures is prevail across the vast areas of northern 
and western Chian and minimum temperature values generally range from -30°C to -
20°C during the winter months. The coldest area is in the north of 50°N of Northeast 
China with minimum temperature values ranging from -40 to -30°C. 
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Figure 5.7 Annual mean minimwn temperature (°C) across Mainland East Asia 
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Figure 5.8 Summer mean minimum temperature (°C) across Mainland East Asia 
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5.4 PRECIPITATION 
5.4.1 Annual Mean Precipitation 
Precipitation is the most varied climate element in time and space everywhere and 
particularly across Mainland East Asia. It is strongly characterised by its seasonality, 
inter-annual variability, torrential behaviour and sharp regionality (Yoshino, 1971). In 
terms of annual mean precipitation, values are high throughout southern China and 
Southeast Asia and low in North and Northeast China (Figure 5.10). The wet part of 
Mainland East Asia, from Yangtze river to Peninsular Malaysia, receives from 1000 to 
more than 3000 mm rainfall during the year. Annual total rainfall values range from 1500 
to 2000 mm in most areas of Southeast China, Vietnam, Kampuchea and Laos and range 
from 2000 to 3000 mm in Thailand-Malaysia Peninsula and Central Vietnam. The 
wettest known area is the high mountains of Taiwan island where values exceed 3500 
mm. Mainland Thailand has the lowest precipitation in Southeast Asia and values are 
around 1000 mm in lowland areas. 
Very dry conditions prevail in North and Northwest China with annual mean 
precipitation values below 50 mm in the Tarim Basin and Tulufan Basin of southern 
Xinjiang, and below 100 mm in most parts of western Qinghai and western Inner 
Mongolia. The precipitation of northern Xinjiang is slightly higher than southern 
Xinjiang, and values range from 100 to 200 mm. The 400 mm isohyet crosses eastern 
Inner Mongolia, Gansu, Qinghai and reaches southern Xizang. From the eastern rim of 
Northeast China Provinces to the north of Qinling, precipitation values are between 500 
and 800 mm, except for Changbai Mountains, where precipitation reaches 1000 mm. In 
the eastern Qinghai-Xizang Plateau, precipitation values are normally below 800 mm 
except in the low areas of Southeast Xizang where they may exceeds 1000 mm. 
5.4.2 Summer Mean Precipitation (June, July, August) 
Seasonal variations in precipitation are very large in Mainland East Asia. Annual 
precipitation is largely accounted for by summer rainfall in many areas. The highest 
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Figure 5.9 Winter mean minimum temperature (°C) across Mainland East Asia 
Figure 5.10 Annual mean precipitation (mm) 
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rainfall values during the summer months exceed 1500 mm for a few places in Thailand, 
Kampuchea and Taiwan Island, but most areas of Thailand and Peninsula Malaysia are 
dry and values range from 200-500 mm (Figure 8.11). Values in most areas of Indo-
China range from 500 to 1000 mm except for the coastal areas of middle and southern 
Vietnam, where rainfall values range from 100 to 500 mm. In China, rainfall values 
exceed 500 mm across most of the southern Provinces, with values exceeding 750mm in 
the southern parts of Yunnan, Guangxi and Guangdong. North of the Yangtze River, 
rainfall values range from 300 to 500 mm across the eastern side of North China Plain 
and Northeast China. The exceptions are Changbai Mountain, Tangshan and Weishanhu-
Lianyungang area where values range from 500 to 750 mm during the summer months. 
Less rainfall is experienced in the inland areas and values range from 100 to 300 mm 
across a long belt from the northeast to the southwest across the Provinces of Hebei, 
Shanxi, Shaanxi and Gansu, Qinghai and Xizang. It is very dry in western Inner 
Mongolia and Xinjiang. Rainfall values for the summer months are mostly below 100 
mm, and even below 10 mm in Tarim Basin and Turf an Basin. 
5.4.3 Winter Mean precipitation (December, January, February) 
Winter is dry for most parts of Mainland East Asia except Thailand-Malaysia Peninsula, 
Central Vietnam, Southeast China and northern Taiwan (Figure 5.12). Eastern Peninsular 
Malaysia is the wettest area during winter with rainfall values between 7 50 mm to 1000 
mm. The Thailand portion of the Peninsula is much drier and values range from 100 to 
300 mm, with values greater than 500 mm in areas close to Malaysia. The winter rainfall 
is between 100 to 300 mm in Central Vietnam. Rainfall values of Mainland Thailand, 
Kampuchea and Laos range from less than 10 mm to 50 mm. Winter precipitation values 
for Zhe-Min Hills in Southeast China exceed 200 mm and a large surrounding areas 
exceed 100 mm. Most parts of northern China are very dry and receive below 50 mm 
precipitation. 
Fieure 5.11 Summer (.lune . .lulv. Aueust) mean urecioitation (mm) 
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Figure 5.12 Winter (December, January, February) mean precipita tion (mm) 
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5.5 EV APO RATION 
Water is lost to the atmosphere from soil, plant and water surfaces by the physical 
process of evaporation. Evapotranspiration is the water lost by transpiration from the 
plant canopy and evaporation from the underlying soil surface. Because actual rates of 
evapotranspiration (Ea) are modified by soil, plant and atmospheric factors as the soil 
dries, the concept of potential evaporation (£1) is used for the case where soil-water 
supply is not limiting. Evaporation is not measured as extensively as precipitation in 
Mainland East Asia. To assist in describing the evaporation patterns, maps showing 
evaporation for annual total, wet and dry seasons were generated. 
For annual total evaporation, the lowest values are below 1000 mm in northern Da 
Hinggan Ling. Values range from 1000 to 1250 mm in southern Da Hinggan Ling, Xiao 
Hinggan Ling and Changbaishan in Northeast China, Provinces of Sichuan, Hunan and 
Guizhou in Central China and northern Vietnam (figure 5.13). Evaporation values range 
from 1500 to 2000 mm in Thailand, Kampuchea and southern Vietnam, and from 1000 
to 1500 mm in Peninsula Malaysia. Evaporation values exceed 2500 mm in northern 
Yunnan and southwestern Sichuan in China. Areas with the highest annual evaporation in 
Mainland East Asia are western Inner Mongolia and southeastern Xinjiang where annual 
evaporation values are between 2500 and 4000 mm across the vast desert areas, due to 
the high radiation, high temperature and very dry conditions. 
During the summer season (June, July, August) total evaporation is less varied than the 
annual amount (Figure 5.14). Values range from 300 to 500 mm in most parts of 
Southeast Asia except for some high mountain ridges where values are below 300mm. 
Central Thailand and coastal areas of Vietnam are slightly higher than other areas. 
Values range from 500 to 750 mm across most of the lowland area of eastern China and 
from 300 to 500 mm in Da Hinggan Ling, Xiao Hinggan Ling and southwestern China 
including Sichuan, Yunnan and eastern Qinghai-Xizang Plateau. Summer evaporation is 
very high in Northwest China with values all above 1000 mm and exceeding 1500 mm in 
southeastern Xinjiang and western Inner Mongolia. 
Figure 5.13 Annual mean total evaporation (nun) 
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Wintertime spatial evaporation patterns are shown in Figure 5.15. Values are low in 
areas with high latitudinal positions in nonheastem and northwestern China having 
values mostly below 150 mm nonh of latitude 40°N and less than 50 mm nonh of 45°N. 
Values are also below J 50 mm in southern China Provinces of Sichuan, Guizhou and 
Hunan. Evaporation values range from 150 to 300 mm in most other areas of China 
except for Yunnan, souil1ern Xizang and Hainan Island where values are between 300 
mm and 750 mm. In Southeast Asia, values range from 100 to 300 mm in northern 
Vietnam, Laos and northern Thailand. and from 300 to 500 mm for other parts of 
Thailand, Kampuchea, sou[hern Viemam and Peninsular Malaysia. 
Figure 5.15 'Vinler (December, January, Feburary) mean total evaporation (mm) 
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The spatial and seasonal patterns of solar radiation, temperature, precipitation and 
evaporation of Mainland East Asia described here are broadly consistem with previous 
analyses for China and Southeast Asian countries (Oldcman and Frere, 1982; Z hang and 
Lin, 1985; Dornrlls and Peng, 1988; Li, 1993). However, as a result of using many more 
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data points and and more sophisticated methods of generating maps, distinct differences 
are evident in nearly all areas. Climatic maps produced by traditional methods generally 
consist of isolines drawn by free hand according to data for a limited number of stations, 
and reflect only broad climatic patterns. Furthermore, personal bias often influences these 
isolines of climatic variables. The maps presented in this chapter reflected the smooth 
changes of climatic variables over space. With a l/20th degree resolution, differences in 
climatic variables are evident, within regions, with upland and river valleys clearly 
differentiated. Finally, the major difference of the spatial data sets from other previous 
studies is that the gridded climatic variables are stored in computer files. These primary 
attribute data can be accessed on demand for any climatological and ecological analysis, 
and resultant maps can be plotted at any size and projection. As the major objective of 
this study is analysing the limiting factors imposed by climatic variables on crop 
production, descriptions of this chapter are very brief. The database itself provides far 
more details than the descriptions presented here. However, it should be noted that the 
limited climatic data for Laos, Kampuchea, Peninsular Malaysia and the Qinghai-Xizang 
Plateau of China, potentially increases predictive error. This is especially the case for 
precipitation, which needs high density network for accurate spatial estimates. 
Accordingly, estimates will be improved with access to historical records from existing 
networks in some countries and with updating and upgrading of networks in all 
countries. 
5.6.1 Solar Radiation 
Spatial variation in annual mean daily total solar radiation (Mjm-2day"1) over Mainland 
East Asia is not large. A histogram analysis (Figure 5.16) shows that for the 434,484 
grid cells, the annual mean daily solar radiation value is 14.87 ±2.36 MJm-2day"1• Values 
for nearly 90% of the grid cells are above 12 MJm-2day"1• Unfortunately for agricultural 
purpose, the grid cells with lower radiation values (below 12 MJm-2day"1) are mostly 
located in southern China, where both temperature and moisture conditions are the most 
favourable throughout the country. This lower radiation may be a limiting factor to crop 
production. 
Figure 5.16 Histogram of radiation values for 434484 grid cells across Mainland 
East Asia 
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The seasonal variations in solar radiation are closely related to the latitudinal positions. 
The fluctuations in solar radiation are minimal in Southeast Asia throughout,the year, but 
increase in China. Differences of sunshine duration between summer and winter in high 
latitude areas are the major reason for the variation. The heavy cloud cover in Southeast 
China during the winter are also effectively reduces the amount of radiation. 
The radiation patterns presented here are consistent with the broad patterns shown by 
Zhang and Lin (1985) and Li (1993), but differences are evident in Northeast China, 
northern Xinjiang and the eastern Provinces around the Yangtze River. These are partly 
due to the use of different estimating methods but mainly reflect the more extensive 
network of data points. 
5.6.2 Temperature 
Spatial variations in both maximum and minimum temperature are large except for the 
tropical areas where both annual mean maximum and annual mean minimum temperature 
values remain high throughout the year. Temperature gradients are evident towards 
higher latitudes and at increasing elevations. For both maximum and minimum 
temperature, value$ are very low in where are with either high elevation in western China 
or high latitudinal positions in northern China. 
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Seasonal variations in temperature are minimal in Southeast Asia but are distinct in most 
areas of China. Most provinces of China have a cold winter and a hot summer, with the 
large range in annual and seasonal mean of temperature that is characteristic of 
continental climates. The high mean summer temperatures allow annual tropical 
(megatherm) crop species to grow at high latitudes. But low mean winter temperatures 
limit distributions of various crop species. These thermal features play a very important 
role in determining the multiplicity of cropping systems. Temperature controls on 
farming systems of China are very important and agricultural practices must be in 
accordance with seasonal variances in temperature to avoid or reduce the frost risks. 
5.6.3 Moisture 
Precipitation and evaporation are the major climatic factors affecting available moisture 
in the crop's root zone. Whilst spatial variations in evaporation are not very large in the 
major crop zones, precipitation is the most important factor affecting moisture regimes. 
These range from perhumid and humid Southeast Asia and southern China to subhumid, 
semi-arid and the arid Northwest China. The area histogram of annual mean precipitation 
Figure 5.17 Histogram of Annual mean total precipitation over areas of Mainland 
East Asia 
~ 
1 
1580 
1185 
'S 
r-.. 790 j 
~ J9.'i 
............. ·································· ································ ····································· 
I 
0 
Annual precipitation (mm) 
115 
(Figwe5.13) shows that only a small portion of Mainland East Asia has very high 
precipitation. Statistics showed that the arid area (annual precipitation < 250 mm), semi-
arid area (250 mm< annual precipitation> 400 mm), subhumid area (400 mm <annual 
precipitation> 900 mm) and humid area (annual precipitation >900 mm) make up 28.7%, 
10. 7%, 29 .0% and 31.6% of the total 434,484 grid cells respectively. The limiting effects 
imposed by precipitation on cropping systems are very strong. For example, rice is 
mainly planted in humid areas and wheat is planted mainly in semi-arid and subhumid 
areas. Drought may affect plant growth, not only in arid and semi-arid areas, but also in 
subhumid and humid areas during the dry season. 
While summer generally has highest precipitation, seasonal distributions of precipitation 
varies greatly from region to region. Synchronous occurrence of rainfall and high 
temperature leads to favourable climatic environments for crop growth during the 
summer season in most parts of Mainland East Asia. This is especially true in northern 
China, where about 60% of annual precipitation falls in the three hottest months of June, 
July and August. The wet season of southern China and Southeast Asia lasts much 
longer than in northern China, but the amount of summer rainfall is also generally higher 
than in other seasons. 
CHAPTER6 
MODELING CROP RESPONSES TO THE 
CLIMATIC ENVIRONMENTS 
6.1 INTRODUCTION 
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Development of the digital elevation model and gridded climatic data has provided a 
basis for a much more detailed description of the physical environment of Mainland East 
Asia than was possible previously. Agroclimatic analysis demands that attention be given 
to key physical processes and biological responses of agricultural production systems. 
For the next phase of this study, a simple crop growth estimation model was adopted to 
simulate plant responses to the light, temperature and moisture regimes across Mainland 
East Asia. The GROWEST model was initially developed for use in a comparative study 
of tropical and temperate grass species (Fitzpatrick and Nix, 1970), but has been 
successfully applied to crop modeling (Nix, 198 q global agroclimatic analysis 
(Hutchinson et al, 1992), and a number of ecological analyses (Nix, 1985; Mackey et al, 
1989; Nix et al, 1992). 
The functions of the GROWEST model simulate the impacts of major climatic regimes 
of light, temperature and moisture on plant growth in terms of a light index (LI), a 
thermal index (TI) and a moisture index (MI). These three indices are integrated into a 
multi-factor growth index (GI) to reflect the comprehensive responses of crop types to 
climate environments. These functions were applied to each of the 434,484 grid cells 
across Mainland East Asia, and a number of attributes were generated. The simulation 
results for light, temperature and moisture regimes were discussed in terms of weekly 
means of the best season, the worst season and the whole year. Indices for the best and 
the worst season were calculated for the highest 13-week and the lowest 13-week 
moving averages. This is precisely a quarter year, but 13 weeks or 91 days corresponds 
I 
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with the period of active growth from seedling emergence to maturity for early maturing 
cultivars of grain crops in a very favourable climate. It also provides an index of the most 
favourable period for plant growth for later-maturing and perennial crops. Annual and 
seasonal maps for these indices were generated using ARC/INFO, based on the 
simulation results of GROWEST model functions, and graphs for the curves of these 
indices for the 52 weeks of the year were also generated for selected stations to illustrate 
the relevant climate regimes. 
6.2 THE METHOD AND THE RESULTS 
The GROWEST model transforms the non-linear responses of key plant groups to linear 
dimensionless scalars. These simulate the response to solar radiation, temperature and 
moisture using a weekly time step. The range of plant response to each factor is scaled 
from zero, representing completely limiting condition to growth, to unity, representing 
non-limiting condition to growth. The light index (LI) is calculated from a general 
function that relates plant dry matter production and total solar radiation based on the 
theoretical considerations by Davidson and Philip (1958) and De Wit (1965), together 
with experimental data of Hesketh (1963), Cooper (l966) and Tanaka et al (1966). The 
resulting light index is formulated as 
LI = 1.0- e-3.sR 
where R is total daily solar radiation expressed as a fraction of an assigned upper limit to 
daily total radiation of31.4 MJ m·2 day"1• 
The thermal index (TI) is a relationship between fractional dry matter production and 
mean daily temperature expressed mathematically as a combination of power functions 
based upon the relative temperature deviations above or below the specified optimum 
temperature for growth. Analysis of growth and dry matter production for a wide range 
of species has indicated a series of distinct groups of plants, each exhibiting broadly 
similar thermal responses (Nix, 1981). Consequently, crop species with different thermal 
thresholds and optima were recognised as four broad thermal groups: 
1. microtherm assemblage (mainly conifers and cool temperate climatic 
plants) with thermal optima in the 10-12°C range, lower 
temperature threshold at 0°C or even lower, and 81\Upper 
temperature threshold at around 25°C; 
2. mesotherm assemblage (including all the major temperate crop 
species like wheat, barley, oats) with thermal optima in the 19-22°C 
range, lower temperature threshold at 3-5°C, and a upper 
temperature threshold at around 35°C; 
3. megatherm assemblage with C3 photosynthetic pathway (soybean, 
peanut, rice, etc.) with thermal optima in the 28-30°C range, lower 
temperature threshold around 10°C, and an upper temperature 
threshold at around 40°C; and 
4. megatherm assemblage with C4 photosynthetic pathway (maize, 
sorghum and sugarcane) with thermal optima in the 35-40°C range, 
lower temperature threshold around 10°C and the upper 
temperature threshold 45°C. 
118 
Only the last three groups are of importance in this study in analysing the agroclimatic 
environment and cropping systems of Mainland East Asia. The optimum temperature, 
lower temperature thresholds and higher temperature thfesholds used in this study are 
listed in Table 6.1. It must be emphasised that these values represent the thermal 
responses of very broad plant groups. Within these broad categories, these will be 
variation within species and even between cultivars within species that will determine 
finer-scale adaptations to particular regions. 
Table 6.1 Parameters selected for using GROWEST in analysing the thermal 
regime of Mainland East Asia 
Optima Lower Threshold Higher Threshold 
mesotherm 19°C 3°C 35°C 
megatherm 1 28°C 8°C 40°C 
megatherm2 32°C 10°C 45°C 
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The moisture index (Ml) is calculated, using a simple water balance model, as the ratio 
of actual to potential evapotranspiration, EJEr. according to the fractional available 
weekly water balance. This relationship is adjusted for differences in soil moisture 
extraction between soil texture types in the form of 
Ea -kx 
-=a-e 
E, 
where xis the fractional available water storage, o... o.n.d k a.Je coerp·c1a ....ts u..n be 
a~ justt.d lo a.. ra0 9e Of f'055lble. concli..Jion5J and 
x =(current rain+ storage)/maximum available water storage 
The assumptions are that the vegetated surface can achieve full canopy cover where 
water is non-limiting, so that potential evapotranspiration E, can be equal to the potential 
evaporation £ 0 , as measured by a class A pan evaporimeter; and that the drying curve 
used to estimate EJE, as a function of relative water storage represents a medium-
textured, clay loam soil with maximum available water storage in the root zone of 150 
mm. 
Finally, the separate effects of solar radiation, temperature and moisture on crop growth 
are integrated as a multi-factor growth index (GI). which is defined in the model by a 
simple equation: 
GI = LI x TI x MI 
In any given week, the GI can never exceed the value of the single most limiting factor 
as expressed by the light, thermal and moisture indices. No simple relation can hope to 
describe fully the complex genotype-environmental interactions involved in plant 
responses to light, temperature and moisture. However, sensitivity analysis indicates that 
, for a weekly step, this multiplicative function is marginally superior to the law of the 
minimum where the value of the growth index is taken to be the value of the most 
limiting factor (Nix, 1981). In its simplest form the model is calibrated to simulate actual 
dry matter production by using the growth index as a factor in simple growth rate 
equation given by 
dW I dt = kxGixW 
Where W is the weight of dry matter, t is the time and k is a crop-dependent constant. 
Over periods of up to a few months this equation gives rise to growth curves which can 
be reasonably approximated by a linear function of accumulated growth index GI 
(Hutchinson et al, 1992). Hence moving average GI values for 13-week and 26-week 
periods were used as the primary basis for the agroclimatic analysis of this study. 
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Although simple in concept, the GROWEST model can generate a very large number of 
attributes that can be related to crop growth. A total of 59 agroclimatic attributes were 
identified potentially useful descriptors of crop environments (Table 6.2). 
Table 6.2 Attributes simulated by GROWEST model for each of the grid cells of 
Mainland East Asia 
Annual Highest Lowest 13· Highest Lowest26· Seasonality 
13-week week 26-week week (c.v) 
LI ..J ..J ..J ..J 
MI ..J ..J ..J ..J 
Tl19 ..J ..J ..J ..J 
Tl2g ..J ..J ..J ..J 
Tl32 ..J ..J ..J ..J 
Gl19 ..J ..J ..J ..J ..J ..J 
GI2s ..J ..J ..J ..J ..J ..J 
Gl32 ..J ..J ..J ..J ..J ..J 
Tl19XLI ..J ..J ..J ..J ..J ..J 
Tl2sXLI ..J ..J ..J ..J ..J ..J 
Tl32XLI ..J ..J ..J ..J ..J ..J 
GDD19 ..J 
GDD2s ..J 
GDD32 ..J 
The GROWEST model used here was its GROCLIM (McMahon et al, 1995) version 
that has been adapted to use estimated mean climatic data from thin plate spline climatic 
surfaces that have been generated by ANUSPLIN. GROCLIM allows the analyses of 
crop-climate relationships to be carried out on a regular grid cell basis across Mainland 
East Asia at the resolution of the input grid (1/20 degree). The program uses a 
composite function to interpolate weekly values from the monthly data. These weekly 
values are very close to true weekly normals for the continuous elements of temperature, 
evaporation and radiation (Hutchinson et al, 1992). However, for precipitation, 
deviations from true weekly normals may occur where the timing of significant 
precipitation bridges the latter part of one month and the early part of the next. 
However, such a situation is not discernible from the original set of monthly normals 
(Nix, 1970). 
6.3 SPATIAL AND SEASONAL VARIATIONS IN LIGHT, 
THERMAL AND MOISTURE REGIMES 
6.3.1 Light Regimes 
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Annual mean LI values range from 0.7 to 0.9 throughout Mainland East Asia except for 
areas north of 50°N in Northeast China and a small area comprising eastern Sichuan, 
northern Guizhou and western Hunan in southern China (Figure 6.1). 
Seasonal variation in LI values is moderate in the south of latitude 45°N (< 20% C.V.) 
but approaching 40% C.V. in areas north of 45°N. The highest quarterly mean LI values 
exceed 0.9 in Thailand, Kampuchea, southern Vietnam, northern and northwestern 
China. A slight depression in values occurs within high rainfall areas in Peninsula 
Malaysia, northern Vietnam, Laos, southern China and Northeast China. The lowest 
quarterly mean LI values remain above 0.8 in most of Southeast Asia, 0.7 to 0.8 in 
Qinghai-Xizang Plateau, Yunnan and northern Laos. Values range from 0.6 to 0.7 across 
a vast area from northern Vietnam to all areas of China south of 40°N, except eastern 
Sichuan, northern Guizhou and western Hunan Provinces, where values range from 0.4 
to 0.6. LI values drop as latitude increases north of 40°N, and fall below 0.4 north of 
50°N in Northeast China. 
A comparison Figure 6.1 and Figure 5.1 indicates that the LI spatial patterns are slightly 
simpler than the solar radiation maps. The mean annual LI values of 0.6-0.7, 0.7-0.8 and 
0.8-0.9 shown here correspond to annual solar radiation values of 9-11,11-14 and 14-19 
MJ m·2 day"1, respectively. In general, light regimes should not be the most limiting factor 
for crop growth in Mainland East Asia, but may be slightly lower than the TI and MI 
values in southern China where the temperature and moisture environments are more 
favourable during some periods of the year. 
Figure 6. 1 The annual mean light index of Mainland East Asia 
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6.3.2 Thermal Regimes 
6.3.2.1 Annual Mean weekly Thermal Indices 
The wide range of thermal environments over Mainland East Asia results in complex 
overlapping patterns of thermal environments for different groups of crop species. High 
temperature in the summer season, coupled with summer rainfall, provides favourable 
growth conditions for a number of crop species. Even in areas located in around latitude 
45°N in the Northeast China, there is a favourable growth season for a number of crop 
species. 
Annual mean Tl19• Values for Tl19 indicate the suitability of thermal conditions for 
mesotherm crop species such as wheat, barley, oats and potato, which are widely planted 
in Mainland East Asia. For example, wheat grows from 20 to 50°N in China (Gao, 
1992). In terms of annual mean TI19, the most favourable thermal environments 
(TI19>0.9) were found in the mountainous areas of Southeast Asia and south and 
southwest of Yunnan Province in China (Figure 6.2). Moderate favourable thermal 
conditions (0.9>Tl19>0.7) are found in northern Vie.tnam and the southern Chinese 
provinces ofFujian, Guangdong, Guangxi, Yunnan and Guizhou. High temperatures in 
lowland areas of Thailand, Kampuchea, southern Vietnam and Peninsula Malaysia limit 
the mesotherm crop growth and Tl19 values range from 0.3 to 0.6. TI19 values range 
from 0.5 to 0.7 in areas between latitude 25 to latitude 30°N in eastern China, and from 
0.3 to 0.5 in North China Plain, Northeast and Northwest China. The Qinghai-Xizang 
Plateau is the coldest area in Mainland East Asia and Tl19 values reflect this with a value 
mostly below 0.1. 
Annual mean Tl2s. Ths values represent the thermal suitability for megatherm crops 
with a C3 photosynthesis pathway, and include rice as well as soybean, peanut, bean and 
other tropical broad-leaved plants. The highest annual TI28 values exceed 0.9 in the 
lowland areas of Southeast Asia, and range from 0.6 to 0.9 across a transition area from 
the hilly areas of Southeast Asia to around 25°N in southern China (Figure 6.3). TI28 
values decrease north of 25°N at increasing latitudes in eastern China and fall to below 
0.15 in the mountainous areas of eastern Inner Mongolia and Heilongjiang Province. In 
western Inner Mongolia and Basins of Xinjiang, values range from 0.2 to 0.4 as a result 
i 
I 
I 
! 
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of hot summers. Values for high mountains of Xinjiang, Qinghai, Xizang and western 
Sichuan are below 0.1. 
Annual mean TI32• TI32 represents the thermal suitability for megatherm crop species 
with a C4 photosynthesis pathway, and include sugarcane, maize etc .. The high thermal 
requirements of these crops restrict the most favourable conditions (Tl32>0.9) to the 
Central Plain of Thailand, lowland areas of Kampuchea and southern Vietnam and 
coastal areas of Peninsular Malaysia. Moderate thermal conditions (0.9>Tl32>0.6) are 
found in other areas of Southeast Asia, Hainan Island and Taiwan (Figure 6.4). In 
mainland China, TI32 values range from 0.4 to 0.6 in areas south of latitude 25°N, and 
from 0.2 to 0.4 across lowland areas of eastern China and basins of Xinjiang in 
Northwest China, and below 0.1 in all areas with an elevation above 2000 metres. 
The distributions of TI values throughout the 52 weeks of the year vary across different 
parts of Mainland East Asia. Figure 6.5 shows the weekly distributions of TI values at 
eight stations selected from Mainland East Asia. TI2s and TI32 values are very high and 
stable in Southeast Asia stations (Kuala Lumpur, 107.07°E, 3.12°N, 39m; Bangkok, 
100.53°E, 13.75°N, 2m), but TI19 values are much lower due to the excessive high 
temperatures throughout the year. For southern China stations (Haik.au, 110.35°E, 
20.03°N, 14m; Nanchang, 115.92°E, 28.6°N, 47m), there is a wide peak period for TI2s 
and TI32 values. In contrast, the Tl19 values are very low during that period. In North 
China Plain, the peak period for TI2s and Tl32 values is restricted to a 25 week period 
and the high Tl19 values last for a longer period. Northern Xinjiang is relatively warm 
during summer, and there is a period when the TI values of all three thermal types are 
high (Shihezi, 86.05°E, 44.32°N, 444m). In the Northeast of China, there are about 22 
weeks with high TI19 values and around 15 weeks with a moderate TI2s and TI32 values 
during the summer season. High values can be obtained only for Tl19 during the summer 
season in Qinghai-Xizang Plateau (Lahsa, 91.13°E, 29.67°N, 3650m), whilst TI28 and 
TI32 values are minimal for all weeks of the year. The variations in TI values over 
different seasons and different locations indicate that although the annual TI maps 
provide a general framework for the thermal regimes of Mainland East Asia, looking at 
their seasonal values may give more practical agroclimatic meanings. 
Figure 6.3 Annual mean TI2svalues of Mainland East Asia 
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Figure 6.5 Weekly curves of Tl19 ( ), Tl2s ( ·····-------) and Tl32 ( - - - - ) 
values for some selected stations of Mainland East Asia 
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6.3.2.2 The Seasonal thermal indices 
The highest and the lowest 13-week Tl19. The highest 13-week Tl19 values for 
Mainland East Asia exceed 0.8, except for areas with high elevation in the Qinghai-
Xizang Plateau and areas with excessively high temperature in Southeast Asia. There are 
very favourable thermal conditions even in areas north of latitude 50°N in North China. 
The lowest 13-week Tl19 values indicate that crop growth is possible only in areas south 
of 25°N, where Tl19 values are above 0.2. The most favourable thermal environments 
(Tl19>0.9) are found at higher elevations in lower latitudes.Very high temperatures in the 
lowlands of Thailand and Kampuchea and low winter temperatures in most parts of 
China inhibit effective crop growth at these times. 
The highest and the lowest 13-week Tl2s. The highest 13-week TI2s values exceed 0.9 
across all lowland areas south of latitude 40°N, as well as in the Tarim Basin, Tulufan 
and Junggar Basin of Xinjiang. A moderately favourable thermal condition 
(0.9>Tl2s>0.6) is also found in areas up to latitude 50°N, including the Northeast China 
Plain, western Inner Mongolia and northern Xinjiang. TI2s values range from 0.3 to 0.6 
only in the hilly areas of China with elevations between 1000 to 2000 metres. It is too 
cold for megatherm crops in the highest areas such as Qinghai-Xizang Plateau and 
Tianshan where the TI2s values are below 0.1 even during the warmest season. 
The most favourable thermal condition (T12s>0.9) during the lowest 13-week is only 
attained in the lowland areas of southern Thailand, Kampuchea, southern Vietnam and 
Peninsula Malaysia. At this time, moderately favourable thermal conditions 
(0.9>Tlzs>0.6) are found in northern Thailand and southern Vietnam and western Laos. 
The lowest 13-week TI2s values range from 0.3 to 0.6 in northern Vietnam, northern 
Laos, Taiwan and Hainan Island. TI2s values are below 0.1 across nearly the whole 
mainland of China during the lowest 13 weeks. 
The highest and the lowest 13-week Tl32. The generally high temperatures of 
Mainland East Asia during the summer season provide favourable thermal environments 
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Figure 6.8 The highest 13-week mean Tl,s values of Mainland East Asia 
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for crops of this group (maize, sorghum, millet, sugarcane). The most favourable 
conditions (TI32>0.9) extend from Southeast Asia to the lowland areas of eastern China 
up to latitude 30°N, and the Tulufan Basin of Northwestern China around latitude 
43°N. Figure 6.10 shows that the moderate favourable thermal environment 
(0.9>TI32>0.6) includes the hilly areas of Southeast Asia, most parts of eastern China 
including lowlands of Liaoning Province, areas along the Yellow River, western Inner 
Mongolia and most parts of Xinjiang. Tl32 values range from 0.2 to 0.6 in the hilly areas 
with elevations between 1000 and 2000 metres, and are below 0.1 in Qinghai-Xizang 
Plateau, Tianshan and northern Da Hinggan Ling even during the best 13-week period. 
Thermal environments for C4 megatherm crop growth are restricted to Southeast Asia 
Lowlo.nds 
and China's Hainan Island and Taiwan during the coldest season. Only ·of 
Thailand, Kampuchea, southern Vietnam and Peninsular Malaysia have moderately 
favourable conditions (0.9>TI32>0.6). TI32 values range from 0.2 to 0.6 in northern 
Thailand, Laos, northern Vietnam, Hainan Island and lowlands of Taiwan. All continental 
areas of China are too cold for the effective growth of C4 megatherm crops during the 
worst season and the lowest 13-week TI32 values are below 0.15. 
6.3.3 Moisture Regimes 
6.3.3.1 Annual Mean Moisture Index 
The spatial distributions of annual mean MI values are shown in Figure 6.12. The most 
favourable conditions (Ml>0.9) are attained in Peninsular Malaysia, northern Vietnam, 
Taiwan and some eastern China areas between latitude 25 and 30°N. Moderately 
conditions (0.9>MI>0.6) extend over other parts of eastern China including areas 
between latitude 25 and 30°N, Changbaishan, most parts of Yunnan, Hainan Island and 
other areas of Southeast Asia except for Central and Northeast Thailand, where MI 
values are slightly lower and range from 0.5 to 0.6. Moisture regimes of eastern Qinghai-
Xizang Plateau, northern Yunnan and western Sichuan are very complicated and MI 
values range from 0.2 to 0.6. There is a sharp transition from humid to semi-arid 
environments in areas north of the Yangtze River and MI values range from 0.2 to 0.5 in 
the North China Plain. A similar sharp transition is also found in Northeast China from 
the east to west. MI values are below 0.1 in most 
-' 
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parts of Northwest China, except for some areas of northern Xinjiang, where MI values 
range from 0.15 to 0.3. A comparative index of seasonality (c.v., standard deviation of 
weekly MI expressed as percentage of weekly mean MI values) is used as a measure of 
the seasonal variations of MI (Figure 6.13). Values less than 40 indicate that seasonality 
of the moisture regime is moderate. Major occurrences of this category coincide closely 
with the distributions of areas with annual MI greater than 0.6, and with the major rice 
zones of China. Coefficients of variation greater than 60 indicate strong seasonality in 
moisture availability. This category occurs in areas of grassland, single or double crops 
under irrigation in China. Central and Northeast Thailand also belong to this category 
due to the dry period from December to March. 
6.3.3.2 Seasonal moisture indices 
The wettest quarter (highest consecutive13-week MI) values exceed 0.9 throughout all 
areas south of 30°N in Mainland East Asia, except for the western Qinghai-Xizang 
Plateau (Figure 6.14). In northern China, the most favourable conditions (MI>0.9) are 
also found in the east. Moderate conditions cover the North China Plain and eastern 
Inner Mongolia. Wettest quarter MI values are below 0.15 across vast areas of 
Northwest China except for northern Xinjiang where weekly MI values are slightly 
higher during the wet season. 
The driest quarter (lowest consecutive13-week MI) values are above 0.9 in Peninsular 
Malaysia, Northeast Taiwan, some parts of northern Vietnam and southern China. A 
moderate moisture environment is also found around these areas. In general, the lowest 
13-week MI values are normally above 0.3 in Southeast China, northern Vietnam and 
Peninsular Thailand. There is another wet belt in Northeast China, where MI values 
range from 0.2 to 0.5. Most parts of Mainland Thailand, Kampuchea, southern Vietnam 
and vast areas of northern and western China have MI values below 0.15. 
-Figure 6.14 The spatial distribution of the highest 13-wcck mean MI values of 
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6.4 THE SPATIAL AND SEASONAL VARIATIONS OF 
GROWTH INDEX 
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The multi-factor GI reflects the compound effects of light, temperature and moisture 
regimes upon plant performance and is expressed as relative or fractional dry-matter 
production in the GROWEST model (Fitzpatrick and Nix, 1970; Nix, 1981). It must be 
emphasised that the GI values described here relate to the generalised responses of three 
broad plant groups to the major light, temperature and moisture regimes of Mainland 
East Asia. The unique responses of individual species and cultivars do vary within each 
catergory. For much of Mainland East Asia, geographic and seasonal variations in GI 
values are accounted for to a great extent by the variations in MI. Maps showing the 
product of TI by LI (MI assumed non-limiting) are presented to indicate areas with 
irrigation potential. Lengths of growing period are also discussed for each group of crop 
species as one of the important aspects of the growth environment. 
6.4.1 Spatial and Seasonal Mean GI19 values 
As a result of the combined limiting effects of temperature and moisture, annual mean 
GI19 values do not exceed 0.7 throughout all major cropping zones of Mainland East 
Asia except at higher elevations in the tropics of Southeast Asia, which have a favourable 
temperature and moisture environments for mesotherm plant species throughout the 
year, and where the highest values exceed 0.8 (Figure 6.16). For hot, lowland areas of 
Southeast Asia, values are strongly depressed and range from 0.1 to 0.3 in Thailand, 
Kampuchea and southern Vietnam, and from 0.3 to 0.6 in northern Vietnam and 
Malaysia Peninsula. In China, annual mean GI19 values range from 0.3 to 0.6 in areas 
south of latitude 30°N and from 0.1to0.3 in areas north of 30°N in eastern China. 
Values are below 0.1 across vast areas of northern and western China principally because 
of aridity. 
Analysing the components of GI19 values for selected stations provides useful insight into 
the relative importance of the light, temperature and moisture regimes in determining the 
plant growth and hence actual and potential cropping systems in different parts of 
6-11 
Mainland East Asia. Figure shows annual GI19, LI, TI19 and MI values of eight 
stations at a weekly step. Much of Peninsula Malaysia is unique in Mainland East Asia as 
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MI values never fall below 1.0 throughout the year. GI19 values in Kuala Lumpur 
(107.70°E, 3.12°N, 39m) are principally limited by low Tl19values because of the 
excessively high temperature throughout the year. In Bangkok (100.53°E, 13.75°N, 2m), 
MI is the major limiting factor during the first 10 weeks of the year and high temperature 
becomes the principal limit thereafter. The components of GI19 values in southern China 
are complicated by seasonal variations in solar radiation, rainfall and temperature. In 
Haikou (110.35°E, 20.03°N, 14m), GI19 values are limited by MI from week 1to15, by 
TI19 from week 20 to 40 and by LI from week 40 to 50. These three climatic indices also 
impose limiting effects on GI19 values in different stages of the year in Nanchang 
(115.92°E, 28.6°N, 47m). The thermal limits are limiting in northern and western China 
during the cold season. However, moisture imposes a strong limit on GI19 values during 
the warm season. 
6·1g 
Figure shows best quarter i.e. the highest 13-week GI19 values across Mainland East 
Asia. These range from 0.6 to 0.9 throughout southern China and at higher elevations in 
Southeast Asia. GI19values range from 0.3 to 0.6 in lowland areas of Thailand, 
Kampuchea, southern Vietnam and Peninsula Malaysia and reflect the limiting effects of 
the very high temperatures. These high temperature effects on GI19 values are also 
evident in the North China Plain and southern Shaanxi Province. Growth environments 
of the eastern rim of Northeast China are also very favourable during the summer season 
with GI19 values ranging from 0.5 to 0.8. Low temperature is the ultimate limit to plant 
growth throughout the Qinghai-Xizang Plateau except for the river valleys, where 
cropping is possible during the warm season. MI is the most limiting factor in Northwest 
China where irrigation is essential for crop production. 
Mean GI19 values of the worst quarter i.e. lowest 13-week period are severely limiting 
throughout much of Mainland East Asia. Low TI in winter is the most limiting factor for 
China and lower LI values in the joint area of Sichuan and Guizhou also contribute to 
the low GI19 value. Limiting moisture and high temperatures in Southeast Asia are also 
effective limiting factors to GI19 value during the dry season. The Gl19 values are below 
0.15 in Thailand, western Laos, Kampuchea and southern Vietnam. Effective growth for 
mesotherm crop species is possible only south of Nanling in China, and at higher areas in 
northern Vietnam and Peninsula Malaysia during the lowest 13-week period. 
Figure 6.16 Annual mean Gl19 values of .\1ainland East Asia 
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Figure 6.17 Weekly curves of GI19 ( ), LI ( - - - ), TI19 ( - - - - ) and MI 
( ------------)at some selected stations of Mainland East Asia 
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6.4.2 Spatial and Seasonal Mean Gl2s Values (Megathern C3 Plant Species) 
As a result of higher thermal requirements for megatherm plant species, annual GI2s 
values are significantly higher than GI19 values in Southeast Asia but the reverse is the 
case in northern China. The most favourable growth environments are found in the 
Malaysia Peninsula lowlands where the annual mean Glzs values range from 0. 7 to 0.9 
(Figure 6.18). Annual mean Glzs values range from 0.5 to 0.7 across coastal areas of 
southern China and in other parts of Southeast Asia, except for the central Thailand Plain 
and mountainous areas. In China, annual mean GI28 values do not exceed 0.6 at any 
point. Values range from 0.3 to 0.6 in the lowland areas south of latitude 30°N and from 
0.15 to 0.3 in the lowland areas between latitude 30 and 40°N. For the vast areas with 
high latitude or high elevation in northern and western China, annual GI2s values are all 
below 0.15. 
The same reference stations were used to analyse the components of GI2s values for 
different parts of Mainland East Asia. In Peninsula Malaysia, MI and TI2s are all equal 
unity throughout the year and Glzs values are determined by LI values. GI2s values of 
Bangkok (100.53°E, 13.75°N, 2m), are limited by MI for the first 15 weeks of the year 
and also limited by LI values during the wet seasons. In Hainan Island, MI is the major 
limit, but LI limits the Glz8 values from week 35 to 40 (Haikou, 110.35°E, 20.03°N, 
14m). GI28 values in Nanchang (115.92°E, 28.6°N, 47m) are limited to zero by TI28 for a 
period of about 14 weeks from December to early March, and are limited by LI from 
week 18 to 30, and then by MI. In Northeast China, the combined limiting effects of MI 
and TI2s allowing only a 20 week period suitable for possible growth (Harbin, 126.77°E, 
45.75°N, 143m). MI is the major limiting factor in Northwest China and Glz8 is the major 
limitin the Qinghai-Xizang Plateau (Lahsa, 91.13°E, 29.67°N, 3650m). 
The high temperatures and rainfall during summer in Mainland East Asia create very 
favourable growth environments in eastern China and Southeast Asia for crop species in 
the Glzs group. The highest 13-week GI2s values range from 0.8 to 0.9 throughout areas 
from 30°N (around Yangtze River) south to Peninsula Malaysia. The GI28 values range 
from 0.5 to 0.7 in the North China Plain as there is not enough moisture except for the 
Figure 6.19 Annual mean Gl28 values or Mainland East Asia 
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Figure 6.20 Weekly curves of GI28 ( ), LI ( - - - ), TI28 ( - - - - ) and MI 
(---------··· ) at some selected stations of Mainland East Asia 
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northern part of Jiangsu Province, where values range from 0.7 to 0.8. In Northeast 
China, GI28 values are lowered mainly by temperature, which ranges from 0.2 in areas 
around 50°N to 0.6 in the coastal areas of Liaoning Province. West and Northwest China 
are either too cold or too dry for these crop species. 
The worst quarter (i.e. lowest 13-week) Glzs values are mostly below 0.1 in Mainland 
East Asia due to the combined limiting effects of low temperature and dry conditions. 
However, Peninsular Malaysia has very favourable growth environments with GI2s values 
ranging from 0.7 to 0.9 even during the worst season. The lowest 13-week GI2s values 
ranges from 0.2 to 0.5 in Peninsular Thailand, Central Vietnam, western Kampuchea and 
southeastern Hainan Island of China. 
6.4.3 Spatial and Seasonal Mean Gl32 Values (Megatherm C4Plant Species) 
As the crop species in this group have high thermal requirements, favourable growth 
conditions are restricted to the tropical environments of southern China and Southeast 
Asia. The highest annual mean Gl32 values are found in the Malaysia-Thailand Peninsula, 
and range from 0.6 to 0.8. For other parts of Southeast Asia, annual GI32 values range 
from 0.4 to 0.6. Thermal limits to these crops are related. in China to increasing 
latitudinal positions. The southern Provinces ofFujian, Guangdong, Guangxi, Hainan 
and Taiwan have annual GI32 values ranging from 0.3 to 0.5. In lowland areas between 
latitude 25°N and latitude 35°N, GI32 values range from 0.15 to 0.3. Values range from 
0.1to0.15 in the North China Plain, and below 0.1 across all other parts of China. 
The components of GI32 values are similar to GI28 in the tropical areas of Southeast Asia 
and southern China. But the limiting effects of thermal conditions are strengthening as 
the latitudinal positions rise in northern China. LI values are still lower than MI and TI28 
values in the wet season in Southeast Asia and southern China. MI is the major limit to 
GI32 values in northern China (Dezhou, 116.32°E, 37.43°N, 21m; Harbin, 126.77°E, 
45.75°N, 143m; and Shihezi 86.05°E, 44.32°N, 444m). But in Qinghai-Xizang Plateau, 
TI32 values are the major limit to GI32 values (Lahsa, 91.13°E, 29.67°N, 3650m). 
Figure 6.22 Annual mean G h 2 values for Mainland East Asia 
D o.oo-0.10 
0.ll)-0.15 
0.1~ 
c O.."IHlll 
• Ql)-t).«) 
• 0.40-0.!-0 
• IJ.:(l-0.00 
• 0.00-0.;IJ 
• o.~J 
• O.ro-0.~ 
• O.~H.00 
143 
Figure 6.23 The best quarter (i.e. highest 13-week) Gl12 values for .Mainland East 
Asia 
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Figure 6.24 Weekly curves of Gl32( ), LI ( - - - ), Tl32( - - - - ) and MI 
( ------------ ) at some selected stations of Mainland East Asia 
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For the best ~i.e. highest 13-week), GI32 values range from 0.6 to 0.9 across 
areas from latitude 30°N in eastern China to Peninsular Malaysia. In northern China, 
values range from 0.3 to 0.6 in the North China Plain and range from 0.2-0.5 in 
Northeast China, northern and western China, with higher elevation than the Plain and 
southern Shanxi and Shaanxi Provinces. Values are below 0.1 in the vast areas of North 
and West China. For the worst quarter (i.e. lowest 13-weeks), GI32 values range from 
0.6 to 0.8 in Peninsular Malaysia, and from 0.2 to 0.5 in Peninsular Thailand and Central 
Vietnam. The lowest 13-week GI values for other areas of Southeast Asia and China are 
below 0.15 due to either dry or cold conditions. 
6.5 DISCUSSION AND SUMMARY 
The simulation results from the GROWEST model described in this Chapter provide 
measures for assessing the effects of climatic factors on plant growth and crop 
production. Compared with TI and MI values, LI values are the highest and the most 
unvaried spatially and seasonally. Previous studies (Oldeman and Frere, 1982; Li, 1993) 
have recognised the utmost importance of solar radiation in agricultural production. 
However, solar radiation is normally assumed to be adequate for crop growth and has 
not been included in any previous agroclimatic classification in any Mainland East Asian 
country. Analysing the GI components indicate that it is true that solar radiation does not 
limit crop growth in northern and western China, but in southern China and Southeast 
Asia, limiting effects of LI on GI values are evident during the wet season, though they 
are not very strong because of the small variation in radiation in these areas. The total 
range of annual LI values is between 0.6 and 0.9, and mean LI values exceed 0.8 at any 
point in Mainland East Asia during the highest 13-week period. 
Temperature regimes impose very strong limiting effects on crop growth. The spatial and 
seasonal variations of temperature set boundaries for various crops or number of crops 
over different parts of Mainland East Asia. Temperatures in Southeast Asia are high and 
seasonal variations are minimal. These perennially high temperatures effectively limit GI19 
values, but produce peaked high Ghs and GI32 values whenever moisture is available. The 
thermal limits in southern China are very brief, but become gradually stronger in northern 
China. The general feature of the thermal regime in northern China is the sharp seasonal 
! 
----1 
i 
high temperature maximum, that contributes to a sharp seasonal peak growth 
environment. 
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In Mainland East Asia, the most limiting factor on growth index values is moisture 
regime. Figure 6.2;-shows histograms of annual mean MI values for all 434,484 grid 
cells across Mainland East Asia. MI values for 37.5% of grid cells are below 0.2 for 
annual mean and 24.1 % of grid cells are below 0.2 for the highest 13-week means. Areas 
with high annual moisture availability (annual mean MI> 0.8) make up only 14.46% of 
the total 434,484 grid cells. MI values for most areas are subject to large seasonal 
variances. 
Figure 6.25 Histogram of annual mean MI values of Mainland East Asia 
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The multi-factor growth index provides useful insights into the relative importance of the 
climatic variables in determining the crop growth potential in different parts of Mainland 
East Asia. The combined limiting effects of the thermal and moisture indices produces 
growth index values for most parts of Mainland East Asia with sharp seasonal peaks. 
Effective consistent growth occurs only in Malaysia-Thailand Peninsula. Other areas of 
Southeast Asia are limited by moisture during the dry season. In China, GI values are 
predominantly limited by low temperature during the winter season. For Northwest 
China, Ml values are a consistent limit to crop growth. 
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Finally, it must be reemphasized that climatic indices are used here to describe the 
climatic environments of broad plant species groups instead of individual species. 
Thermal thresholds and optima used in this study are empirically selected medians for 
broad crop species groups. Genetic variation together with on-farm managements can 
modify ecological significance of these responses in actual cropping systems. For 
example, one of the most important megatherm C4 crops, maize, is planted from 
Northeast China around latitude 45°N to Peninsula Malaysia (Tong, 1989; Oldeman and 
Frere, 1982). The lower temperature threshold for development anf growth of maize 
varieties is around 8°-10°C, and the optimum conditions for the major portion of the 
growing season are a mean diurnal temperature of 18°-22°C (Chirkov, 1979). However, 
tropical crops such as sugarcane, are restricted to the warm Provinces of southern China 
(Feng, 1987) and Southeast Asia (Oldeman and Frere, 1982). 
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CHAPTER 7 
AN AGROCLIMATIC CLASSIFICATION OF 
MAINLAND EAST ASIA 
7.1 INTRODUCTION 
The spatial variations of light, temperature and moisture regimes and their impacts on 
plant growth were discussed in Chapters 5 and 6. The objective of this Chapter is to 
classify Mainland East Asia into agroclimatically homogeneous groups. Classification is a 
process of analysing the interrelationships between the agroclimatic environment of 
locations, recognizing individuals with certain important characteristics in common and 
grouping them into a few classes or types. Most of the traditional classification 
procedures (eg. Kt>ppen, 1923; Thomthwaite, 1948; Papadakis, 1975) employed a 
descriptive strategy, in which certain criteria were pre-set and used to limit climatic 
groups or types at a discrete interval. This is a major disadvantage of such procedures; 
the resultant classes are determined a priori rather than as emergent propecties of the 
primary attribute data. 
The agroclimatic classification reported in this Chapter has been developed using PA TN, 
a numerical classification package (Belbin, 1987; 1991; 1993). The classification was 
based on a selected set of 39 bioclimatic attributes generated by the GROWEST model 
for 434,484 grid cells across Mainland East Asia. The attributes selected are a subset of 
the 59 attributes reported in Chapter 6, and are those which have been judged most 
relevant to crop growth potential. Mainland East Asia was classified into 66 groups by 
using the non-hierarchical clustering procedure ALOC in PATN. A hierarchical grouping 
of these into 14 agroclimatic regions was produced, using FUSE, another module in 
PATN for agglomerative hierarchical cluster analysis. 
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A new data file containing the agroclimatic group numbers assigned to each grid cell by 
the classification was created so that the spatial distributions of the classification were 
able to be mapped using the ARC/INFO package. A different colour was assigned to 
each group, and plotted as a matrix of coloured grid cells. Group centroid estimates for 
the major attributes were produced to enable interpretation of the type of agroclimatic 
environment represented by each group based on these centroids. The crop types 
potentially most suited to each of these agroclimatic regions are discussed. 
7.2 CLASSIFICATION ATTRIBUTES 
Choice of attri.as a major impact on the resultant classification. Different attributes 
lead to different classifications. Previous studies of the agroclimatology of Mainland East 
Asia (Oldeman and Frere, 1982; Kaida and Surarerks, 1984; Li, 1988) were based on 
categorical classes, using imposed thresholds for wet months, dry months, degree day 
sums and so on. The agroclirnatic classification reported here identifies a large number of 
descriptors that are derived from a plant growth response model at every grid cell and 
uses a classificatory strategy (polythetic, agglomerative) that allows the data to 'speak 
for themselves'. The resultant classification is an emergent property of the data not an 
imposed one. 
Selected indices derived from GROWEST simulations at each grid cell were generated 
for these broad plant response groups, which cover the main food crops in Mainland East 
Asia (Gl19: wheat, barley; Gl2s: rice, soybean, peanut; Gl32: maize, sorghum, sugarcane). 
Firstly, the multi-factor growth index (GI) was selected as a primary taxonomic attribute 
as it integrates plant responses to the major light, temperature and moisture regimes and 
thus relates to potential crop performance. GI values for the annual mean, the highest 13-
week and the highest 26-week means, the lowest 13-week and the lowest 26-week mean, 
and the seasonality of weekly GI values were also used in the classification. The annual 
mean GI values provide a general frame of references for crop growth, but GI values for 
the highest and the lowest seasons provide more practical information on the effective 
growth of crops. The objective of using the highest 13-week and 26-week mean GI 
values in the classification relates to the need to consider single and double cropping 
systems in Mainland East Asia. ,.$t~dc...t'~ , 13 weeks or 91 days)furreponds with 
which 
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the duration of active growth the earliest-maturing grain crop species. Seasonality is the 
coefficient of variation of weekly GI values. Use of the seasonality in the classification is 
aimed at differentiating the impacts of seasonal variations in climate on the crop 
production. 
To take account of irrigation environments, where water is added to overcome limiting 
moisture index (MI) values but where light and/or temperatures can be limiting, values of 
the product of light index (LI) by thermal index (TI) have been included as classification 
attributes. This provides useful discrimination of those areas that are too dry but 
otherwise favourable for crop production such as Northwest China. 
In China, the heat sum is widely used in agroclimatic zoning both to characterize local 
thermal conditions and evaluate crop thermal requirements (Cui et al, 1987; Li, 1988). A 
modified heat sum, growing degree days (GDDs), was therefore included in the 
taxonomic attributes for the classification. In this case the GDD values are accumulated 
for each week only when the GI value exceeds 0.15. A different base temperature for 
accumulation is used for each of the three thermal response groups. 
Finally, these GI, TI by LI and GDDs attributes were calculated for each of three thermal 
response groups giving a total of 39 attributes (Table 7 .1) estimated for each of the 
434,484 grid cells of Mainland East Asia. These attributes were divided into three groups 
based on optimum growth temperatures for three crop thermal patterns applied in this 
study. 
Table 7.1 Selected attributes used as input for the agroclimatic classification of 
Mainland East Asia 
Annual Highest Lowest Highest 26· Lowest Seasonality (c.v) 
13-week 13-week week 26-week 
Gl19 -./ -./ -./ -./ -./ -./ 
Tl19X LI -./ -./ -./ -./ -./ -./ 
GDD19 -./ 
Gl28 -./ -./ -./ -./ -./ -./ 
Tl2gXLI -./ -./ -./ -./ -./ -./ 
GDD2g -./ 
Gl32 -./ -./ -./ -./ -./ -./ 
Tl32XLI -./ -./ -./ -./ -./ -./ 
GDD32 -./ 
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7.3 NUMERICALANALYSIS 
A numerical classification was undertaken to identify the agroclimatic environment 
patterns of Mainland East Asia using the ALOC module of the PATN software package 
(Belbin, 1987). The ALOC module is a non-hierarchical clustering procedure, with the 
option of defining groups of attributes, and with each group contributing equally to the 
measure of association between objects. Due in part to no requirement for generation of 
a complete inter-object association matrix and also to the almost linear time requirement 
for the algorithm, the module is capable of processing very large data sets. The measure 
of association between objects was calculated using the Gower metric (Gower, 1971). 
The similarity of all grid cells based on the 39 agroclimatic attributes generated by 
GROWEST was computed, with the number of groups determined by an association 
threshold. In this case, an association threshold of 0.20 produced 66 groups of grid cells 
that had similar attributes. To do this, a four phases analysis was performed by ALOC. 
The procedure first allocated grid cells with any value larger than this threshold as seeds 
of a group; secondly, each grid cell was allocated to the nearest group; thirdly, ALOC 
dismissed the seeds of the groups and calculated the group centroids based on the 
objects that were assigned to each group; and in the final phase of the analysis, iteration 
and reallocation, each iteration extracts the object from the group to which it currently 
belongs and allocates it to the group with the nearest centroid. On iteration completion, 
ALOC calculates the association between each of the final group centroids. 
Although this classificatory strategy is polythetic and non-hierarchical, it is possible to 
produce a dendrogram based on the measure of association using an agglomerative 
fusion or cluster analysis (Bel bin, 1984 ). The FUSE module of PA TN was used to make 
explicit the level of association between the 66 groups created by ALOC. Within FUSE 
the flexible unweighted strategy (UPGMA) option with a Beta value of zero was used. 
This strategy weights all objects equally throughout the fusion process so that groups 
will be weighted proportionally to the number of objects they contain (Nix et al, 1992). 
The Beta parameter controls the space distortion of the fusion process. Using a Beta 
value of zero results in space conserving, that is, groups become neither closer nor 
further apart with each successive fusion. The dendrogram (Figure 7.1) shows the fusion 
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Figure 7 .1 The dendrogram of the agroclimatic classification of Mainland East 
Asia 
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history and hierarchical structure. The number of groups chosen for analysis is a 
subjective decision, but should reflect this structure. After careful assessment of various 
levels of subdivision, the most useful for agroclimatic purposes was at the 14 group 
level. Further discussion is restricted to the original 66 ALOC groups and the derived14 
group levels. 
7.4 THE CLASSIFICATION RESULTS 
The agroclimatic groups of this study were classified by crop growth potential attributes 
generated by the GROWEST model. The 14 agroclimatic zones of Mainland East Asia 
are shown in Figure 7 .2. The centroids of a subset of 21 of the 39 input classification 
attributes are shown in Table 7 .2. Two classes of attributes contributed to divide the 14 
agroclimatic zones. One was the overall responses of crop to the light, temperature and 
moisture regimes, which represents the comprehensive crop growth potential. The 
second was the values of products of thermal index by light index, which indicate the 
crop growth potential under irrigation. The 14 agroclimatic zones of Mainland East Asia 
range from the barren Qinghai-Xizang Plateau and dry deserts of Xinjiang to the very 
productive humid tropical Southeast Asia. Each zone covers a special environment 
pattern for crop production. 
Table 7.2 Centroids of a subset of the 39 classification attributes for the 14 
agroclimatic zones 
Group Ann. Highest Highest26- Annual Highest 13- Highest 26-
No. Gl19 13-wk Gl19 wk Gl19 Tl19 *LI wk Tl19 *LI wk Tl19 *LI 
1 0.03 0.10 0.06 0.08 0.29 0.16 
2 0.01 0.04 0.03 0.41 0.88 0.77 
3 0.08 0.26 0.15 0.30 0.85 0.59 
4 0.18 0.26 0.35 0.36 0.88 0.72 
5 0.24 0.55 0.47 0.43 0.79 0.75 
6 0.41 0.60 0.60 0.45 0.75 0.63 
7 0.45 0.67 0.56 0.55 0.72 0.61 
8 0.40 0.80 0.70 0.61 0.86 0.83 
9 0.49 0.74 0.69 0.72 0.86 0.81 
10 0.56 0.75 0.69 0.70 0.85 0.80 
11 0.42 0.62 0.52 0.54 0.72 0.69 
12 0.31 0.56 0.50 0.44 0.68 0.55 
13 0.75 0.80 0.78 0.77 0.81 0.78 
14 0.47 0.56 0.52 0.47 0.56 0.52 
GDD19 
{°C) 
174.54 
0.00 
1091.89 
1945.64 
3544.52 
4550.27 
5823.83 
3418.84 
5429.37 
6318.44 
7143.74 
5451.06 
7530.16 
8650.17 
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Table 7.2 (Cont.) 
Group Ann. Highest Highest 26- Annual Highest 13- Highest26- GDD28 
No. GI28 13-wk Gl2s wk Gl2s Tl2s*LI wk Tl2s*LI wk Tl2s*LI (oC) 
1 0.00 0.00 0.00 0.00 0.20 0.00 0.00 
2 0.01 0.03 0.02 0.31 0.85 0.62 0.00 
3 0.02 0.08 0.04 0.05 0.20 0.11 84.89 
4 0.08 0.30 0.15 0.15 0.55 0.31 1035.85 
5 0.21 0.63 0.42 0.30 0.82 0.59 1985.59 
6 0.32 0.80 0.61 0.42 0.73 0.67 3163.76 
7 0.42 0.85 0.75 0.46 0.87 0.78 3654.95 
8 0.16 0.45 0.31 0.20 0.48 0.38 1652.52 
9 0.36 0.68 0.61 0.42 0.73 0.67 3163.76 
10 0.54 0.80 0.78 0.60 0.85 0.82 4811.92 
11 0.55 0.87 0.82 0.62 0.89 0.86 5087.84 
12 0.55 0.86 0.82 0.87 0.91 0.89 5467.58 
13 0.74 0.79 0.78 0.76 0.81 0.79 5704.95 
14 0.85 0.89 0.88 0.86 0.89 0.88 6827.23 
Table 7 .2 (Cont.) 
Group Ann. Highest Highest26- Annual Highest 13- Highest26- GDD32 
No. Gl32 13-wk Gl32 wk Gl32 Tl32LI wk Tl32LI wk Tl32LI (oC) 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.01 0.03 0.01 0.24 0.70 0.49 0.00 
3 0.01 0.06 0.03 0.04 0.13 0.07 2.31 
4 0.06 0.22 0.12 0.11 0.40 0.22 693.84 
5 0.17 0.52 0.33 0.24 0.69 0.47 1558.04 
6 0.27 0.55 0.47 0.31 0.59 0.53 2523.37 
7 0.36 0.77 0.64 0.38 0.78 0.67 3086.12 
8 0.11 0.31 0.21 0.14 0.33 0.26 1142.37 
9 0.27 0.55 0.47 0.31 0.59 0.53 2523.37 
10 0.44 0.69 0.66 0.49 0.75 0.71 3911.57 
11 0.48 0.82 0.75 0.53 0.84 0.78 4295.98 
12 0.50 0.78 0.76 0.79 0.86 0.83 4886.89 
13 0.60 0.65 0.64 0.61 0.66 0.64 4975.04 
14 0.76 0.81 0.79 0.77 0.81 0.80 6097.16 
7.4.1 Agroclimatic Zone I 
Agroclimatic zone I covers all the high mountains of Qinhai-xizang Plateau, Qilian Shan 
and Tian Shan in western China (Figure 7 .3), covered mainly by alpine steppe. Low 
temperature is the ultimate limit to plant growth. This agroclimatic zone include six 
groups in the classification. The overall centriods values for all attributes of these groups 
are zero (Table 7 .2). However, Table 7.3 shows that median values for the classification 
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attributes are slightly higher for Groups one, seven and six, which are all on the edges of 
the high plateau. A cold resistant crop, highland barley (Qingke - Chinese name) can 
grow in some of these areas. The majority of these groups are covered with alpine 
meadow and grazed by sheep and yak. Groups 49, 25, and 48 cover areas all with high 
elevation and very low temperature. The highest 13-week Tl19*LI values ranges from 
0.01to0.44 and the GI19 values are all below 0.1. These areas are covered by either 
alpine steppe or snow. 
7 .4.2 Agroclimatic Zone II 
Agroclimatic Zone II covers all of the warm and dry deserts in Inner Mongolia and 
Xinjiang in Northwest China (Figure 7.4). Table 7.2 shows the TI by LI values are very 
high for all three thermal patterns but GI values are all below 0.1. The very dry condition 
is the ultimate limit to plant growth. Seven groups are included in this zone and Table 
7 .4 shows that all groups have very favourable light and temperature conditions for all 
three thermal patterns for the summer period. The highest 13-week TI by LI values are 
all above 0.7. This provides an excellent environment for irrigation agriculture in the 
edge areas of the desert with the water from the Qinghai-Xizang Plateau and Tian Shan. 
The areas without irrigation are sparsely covered by desert steppe or simply sandy or 
gravel deserts. Major crops in these irrigated areas are: 
• wheat, both winter and spring wheat grows in these areas. The winter wheat grows 
mainly in the southern Xinjiang and is sown in September and harvested from late 
June to early July. The spring wheat grows mainly in the northern Xinjiang and is 
sown in early March and harvested in early July; 
• maize, mainly grows in the northern and southern Xinjiang. The spring maize is 
• 
sown in late April and harvested in early September, and summer maize also grows 
after the wheat crop in a very few areas of southern Xinjiang; 
rice, only grows around Tian Shan where there is enough water resources for 
irrigation. 
Table 7.3 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone I 
Group Ann. Highest 13- Highest 26- Annual Highest 13- Highest 26-
No. Gl19 wk Gl19 wk Gl19 Tl19*LI wk Tl19*LI wk Tl19*LI 
1 0.03 0.12 0.06 0.09 0.33 0.18 
7 0.03 0.10 0.05 0.06 0.24 0.13 
6 0.08 0.29 0.16 0.14 0.50 0.29 
49 0.02 0.09 0.05 0.05 0.20 0.10 
25 0.00 0.00 0.00 0.12 0.44 0.23 
48 0.00 0.00 0.00 0.00 0.01 0.01 
Table 7 .3 (Cont.) 
Group Ann. Highest 13- Highest26- Annual Highest 13- Highest 26-
No. GI2s wk Gl2s wk GI2s Tl2s*LI wk TI2s*LI wk Tl28*LI 
1 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.01 0.00 0.00 0.01 0.01 
49 0.00 0.00 0.00 0.00 0.00 0.00 
25 0.00 0.00 0.00 0.00 0.01 0.01 
48 0.00 0.00 0.00 0.00 0.00 0.00 
Table 7.3 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. Gl32 wk Gl32 26-wk Gl32 Tl32*LI wk Tl32*LI wk Tl32*LI 
1 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.01 0.00 
49 0.00 0.00 0.00 0.00 0.00 0.00 
25 0.00 0.00 0.00 0.00 0.01 0.00 
48 0.00 0.00 0.00 0.00 0.00 0.00 
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Other crops growing in this area under irrigation, include cotton and oil seeds. There are 
also a number of temperate fruits growing in this zone. The important ones are grape, 
apple, peach and rock melon. 
-Figure 7.3 Agrnclimatic Zone I 
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7.4.3 Zone ID 
This agroclimatic zone is mainly associated with the conifer dominated forest and grazing 
grassland of northern and western China (Figure 7.5). But some grid cells on the highest 
mountain ridges of Taiwan Island also belong to it. Thus it includes areas with either a 
high latitudinal position or high elevation. Table 7.2 shows that the median annual GI19 
value of this zone is only 0.08 but reaches 0.26 for the highest 13-week. Thermal and 
light conditions are favourable for mesotherm plants with Tl19 by LI values of 0.30, 0.85 
and 0.59 for annual mean, the highest 13-week and the highest 26-week, respectively. 
Both GI or TI by LI values are below 0.2 for the megatherm plant species. The available 
moisture further divided the zone into different agroclimatic patterns, hence different 
vegetation patterns. There are 12 groups in this agroclimatic zone and their main 
agroclimatic indices are shown in Table 7.5. 
• Conifer forest. Conifer forest grows in the moist areas of this agroclimatic zone, 
including groups 2, 26, 13, 12 and 51, from the Northeast China to the Southwest 
China. 
• Meadow grassland. Less moisture is available.than the conifer forest areas. 
Meadow grassland covers mainly group 22 and 52; 
• Alpine meadow and alpine steppe. These agroclimatic patterns cover the driest 
alpine areas of this agroclimatic zone, mainly in the Northwest of China, including 
group 18, 23, 21, and 53. 
Crops are grown in localised parts of this zone and include spring wheat, highland barley 
and potato. 
7 .4.4 Agroclimatic Zone IV 
Agroclimatic zone IV covers the single crop or broad-leaf dominated temperate forest 
areas of Mainland East Asia. This zone has warmer conditions than Agroclimatic Zone 
III. While values of GI19 and TI19 by LI are high, there is also a shorter period with 
favourable growth conditions for megatherm plants. The zone crosses China from the · 
northeast to the southwest (Figure 7 .6), and includes 11 groups. The major agroclimatic 
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indices for these groups are shown in Table 7 .6. There are different vegetation patterns 
within this zone, depending mainly on topography with mountainous areas being forested 
and plainlands under meadow grassland and crops. 
Table 7.4 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone II 
Group Ann Highest 13· Highest Annual Highest 13- Highest26-
No. GI1Q wk GI1Q 26-wk GI1Q TI1Q*LI wk Tl1Q*LI wk Tl1Q*LI 
4 0.02 0.07 0.05 0.38 0.93 0.76 
54 0.02 0.05 0.04 0.41 0.92 0.81 
30 0.01 0.03 0.02 0.41 0.89 0.81 
24 0.00 0.01 0.00 0.44 0.85 0.77 
59 0.00 0.01 0.01 0.46 0.88 0.83 
47 0.02 0.04 0.03 0.39 0.80 0.75 
61 0.00 0.00 0.00 0.33 0.71 0.54 
Table 7.4 (Cont.) 
Group Ann. Highest 13· Highest26- Annual Highest 13- Highest26· 
No. GI2s wk GI~s wk GI~s TI,,.*LI wk TI ... *LI wk TI, .. *LI 
4 0.01 0.05 0.02 0.17 0.59 0.34 
54 0.01 0.04 0.02 0.21 0.70 0.42 
30 0.01 0.03 0.02 0.25 0.79 0.51 
24 0.00 0.01 0.01 0.35 0.91 0.69 
59 0.00 0.01 0.01 0.31 0.86 0.62 
47 0.00 0.01 0.04 0.31 0.89 0.62 
61 0.00 0.00 0.00 0.38 0.94 0.75 
Table 7 .4 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13· Highest26· 
No. GI~2 wk Gl32 26-wk GI~2 Tlu*LI wk Tl.,*LI wk Tlu*LI 
4 0.01 0.03 0.02 0.12 0.42 0.24 
54 0.01 0.03 0.02 0.16 0.52 0.31 
30 0.01 0.02 0.01 0.20 0.63 0.39 
24 0.00 0.00 0.00 0.28 0.78 0.56 
59 0.00 0.01 0.01 0.25 0.71 0.49 
47 0.01 0.03 0.02 0.25 0.77 0.50 
61 0.00 0.00 0.00 0.35 0.91 0.69 
GDD19 
(oC) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
GDD2s 
(oC) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
GDDm 
(oC) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
Table 7.5 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone ill 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. Gl19 wk GI1<> 26-wk GI1<> TI1ci*LI wk TI1ci*LI wk TI1ci*LI 
2 0.13 0.47 0.26 0.24 0.82 0.47 
26 0.12 0.44 0.24 0.21 0.70 0.41 
13 0.18 0.52 0.35 0.30 0.78 0.58 
12 0.17 0.48 0.34 0.39 0.88 0.75 
51 0.28 0.72 0.54 0.38 0.80 0.71 
5 0.00 0.00 0.00 0.28 0.86 0.57 
18 0.02 0.06 0.03 0.29 0.89 0.59 
23 0.02 0.07 0.04 0.22 0.77 0.44 
21 0.05 0.16 0.10 0.37 0.93 0.73 
53 0.02 0.07 0.05 0.35 0.93 0.70 
22 0.06 0.22 0.13 0.31 0.91 0.63 
52 0.09 0.30 0.17 0.28 0.88 0.56 
Table 7 .5 (Cont.) 
Group Ann. Highest 13- Highest 26- Annual Highest 13- Highest 26-
No. GI2s wk Gl2s wk Gl2s Tl2s*LI wk Tl2s*LI wk TI2s*LI 
2 0.03 0.11 0.06 0.05 0.19 0.10 
26 0.01 0.04 0.02 0.02 0.07 0.03 
13 0.02 0.07 0.04 0.03 0.11 0.06 
12 0.04 0.14 0.08 0.08 0.27 0.17 
51 0.04 0.14 0.08 0.05 0.17 0.11 
5 0.00 0.00 0.00 0.04 0.16 0.08 
18 0.00 0.01 0.01 0.05 0.20 0.10 
23 0.00 0.01 0.00 0.02 0.08 0.04 
21 0.02 0.09 0.05 0.15 0.52 0.29 
53 0.01 0.03 0.02 0.12 0.43 0.23 
22 0.02 0.09 0.05 0.10 0.37 0.20 
52 0.02 0.09 0.05 0.07 0.26 0.14 
Table 7.5 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. Gl32 wk Gl32 26-wk Gl32 Tl32*LI wk Tl32*LI wk Tl32*LI 
2 0.02 0.08 0.04 0.03 0.13 0.06 
26 0.01 0.03 0.01 0.01 0.05 0.02 
13 0.01 0.05 0.03 0.02 0.07 0.04 
12 0.03 0.10 0.05 0.06 0.18 0.11 
51 0.03 0.10 0.06 0.04 0.11 0.07 
5 0.00 0.00 0.00 0.03 0.11 0.06 
18 0.00 0.01 0.01 0.03 0.13 0.07 
23 0.00 0.00 0.00 0.01 0.06 0.03 
21 0.02 0.06 0.03 0.10 0.36 0.20 
53 0.01 0.02 0.01 0.08 0.29 0.16 
22 0.02 0.06 0.03 0.07 0.25 0.13 
52 0.02 0.06 0.03 0.05 0.18 0.09 
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(oC) 
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7.4.4.1 Ji'orest 
Forest covers mainly the mountainous areas of this agroclimatic zone, including groups 
9, 20, 37 and 46. These are normally areas with a moderate moisture availability and low 
temperature is an important limiting factor to plant growth. As these groups span vast 
latitudinal positions, the seasonal variations of moisture and temperature divide them into 
different agroclimatic groups. 
• Group 9 consists of the mountainous areas of the Southwest China. At their lower 
latitudinal positions, this group has an equable temperature regime throughout the 
year. Thus, it has much lower seasonal fluctuation in growth response than any 
other group in this agroclimatic zone; 
• Groups 20, 37 and 46 are the mountainous areas of the Central and Northeast 
China with a pronounced summer growth season and winter trough. 
Table 7.6 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone IV 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26· 
No. GI.a wk GI19 26-wk Gl1a TI19*LI wk Tl1a*LI wk Tl1a*LI 
9 0.35 0.79 0.66 0.47 0.84 0.79 
20 0.25 0.75 0.50 0.35 0.86 0.70 
37 0.18 0.55 0.36 0.39 0.88 0.78 
46 0.17 0.47 0.33 0.44 0.86 0.81 
15 0.12 0.41 0.24 0.34 0.90 0.68 
32 0.17 0.58 0.34 0.28 0.86 0.55 
40 0.18 0.59 0.37 0.31 0.87 0.62 
42 0.17 0.53 0.34 0.33 0.87 0.67 
16 0.13 0.42 0.26 0.36 0.90 0.71 
60 0.12 0.38 0.23 0.38 0.88 0.76 
55 0.07 0.23 0.14 0.40 0.92 0.78 
GDD19 
(OC) 
2687.70 
2259.90 
2210.80 
2741.50 
1615.80 
1543.90 
1816.35 
2080.80 
1828.00 
1925.05 
1362.30 
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Table 7 .6 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26- GDDzs 
No. GI~s wk Gl2s 26-wk Gl2s Tl2s*LI wk Tl2s*LI wk Tl2s*LI (oC) 
9 0.11 0.33 0.21 0.13 0.37 0.25 1109.80 
20 0.12 0.45 0.24 0.16 0.55 0.31 1149.20 
37 0.11 0.40 0.22 0.20 0.66 0.40 1225.50 
46 0.10 0.34 0.21 0.25 0.76 0.49 1343.10 
15 0.05 0.20 0.10 0.12 0.45 0.25 673.80 
32 0.05 0.21 0.11 0.08 0.31 0.16 623.30 
40 0.08 0.29 0.15 0.12 0.44 0.23 836.45 
42 0.09 0.32 0.17 0.15 0.55 0.30 1046.50 
16 0.07 0.27 0.15 0.17 0.59 0.34 928.70 
60 0.08 0.29 0.16 0.20 0.68 0.40 1078.00 
55 0.04 0.14 0.08 0.18 0.63 0.36 656.80 
Table 7 .6 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26- GDDm 
No. Glu wk GI32 26-wk Gl32 Tl32*LI wk Tl32*LI wk Tl32*LI (oC) 
9 0.07 0.22 0.14 0.09 0.25 0.17 732.80 
20 0.09 0.33 0.18 0.11 0.40 0.22 861.10 
37 0.08 0.30 0.16 0.15 0.49 0.29 917.95 
46 0.08 0.27 0.16 0.19 0.60 0.38 1003.60 
15 0.04 0.13 0.07 0.08 0.31 0.17 441.05 
32 0.04 0.14 0.07 0.05 0.21 0.11 431.60 
40 0.05 0.20 0.10 0.08 0.30 0.16 575.80 
42 0.06 0.23 0.13 0.11 0.39 0.22 746.90 
16 0.05 0.20 0.11 0.12 0.43 0.24 651.70 
60 0.06 0.22 0.12 0.15 0.52 0.30 798.50 
55 0.03 0.10 0.05 0.13 0.46 0.26 297.70 
7.4.4.2 Crops 
The subgroups 15, 32, 40 and 42 cover the single crop areas of this agroclimatic zone, in 
mixture with broad-leaf forest or meadow grassland according to the moisture 
availabilities of different groups. Main crops are: 
• Wheat. About 8% of China's wheat is produced in this agroclimatic zone. Wheat 
crops are sown from early March to mid April, and harvested early July to mid 
September, with variations depending on geographical location. The growing 
periods of wheat crops range from 100 to 150 days and the yield is below the 
average of wheat crops in China. 
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• Maize. This agroclimatic zone is the most important maize production zone in 
China. About 35% of China's maize is produced in this zone. Maize crops are 
sown from late April to early May, and harvested in the middle of September. The 
growing period of maize crops range from 120 to 140 days. 
• Soybean. Soybean is another important crop in this agroclimatic zone. More than 
30% of China soybean is produced in this zone. Soybean crops grow mainly in 
areas covered by groups 15, 32, 40 and 42. 
Other crops of this zone include peanut, potato, millet and oats. 
7.4.4.3 Crop-Uvestock mixture 
Groups 16, 60 and 55 represent the driest pattern of this agroclimatic zone. Lack of 
moisture is the main limit for these groups. Crop production in these areas produces 
relatively low yields. Normally crop-livestock mixed farming is practiced in these areas. 
7 .4.5 Agroclimatic Zone V 
Agroclimatic Zone V includes the most important wheat and maize production area of 
China, which covers all coastal areas of northern China, North China Plain and 
Guanzhong Basin. Some highland areas in southern China also fall within this zone 
(Figure 7 .7). More than 60% of China's wheat and 50% of China's maize are produced 
in this agroclimatic zone. There are favourable growth conditions for all three thermal 
patterns over the warmer months. There are Seven agroclimatic groups in this zone and 
their agroclimatic indices are shown in Table 7. 7. Different temperature and moisture 
regimes divided this agroclimatic zone into different vegetation and cropping patterns. 
An important agroclimatic feature of this zone is that winter wheat can survive and 
double crops are possible if some supplementary irrigation is given. The major crops of 
this agroclimatic zone are wheat, maize and rice. Although similar in terms of 
agroclimatic patterns, steep and rugged terrain limit crop production in the southern 
mountains which are covered by mixed forest. 
Table 7. 7 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone V 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI1q wk GI1q 26-wk Gl19 Tl19*LI wk Tl19*LI wk Tl19*LI 
17 0.23 0.60 0.43 0.44 0.83 0.77 
39 0.24 0.65 0.47 0.42 0.85 0.80 
56 0.14 0.38 0.26 0.42 0.78 0.71 
27 0.22 0.44 0.35 0.41 0.76 0.64 
28 0.30 0.59 0.49 0.42 0.79 0.67 
57 0.40 0.74 0.69 0.46 0.83 0.79 
58 0.45 0.75 0.73 0.46 0.79 0.75 
Table 7 .7 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI2s wk GI211 26-wk GI2s TI211*LI wk Tl2s*LI wk Tl211*LI 
17 0.19 0.64 0.38 0.30 0.83 0.59 
39 0.16 0.54 0.31 0.24 0.74 0.48 
56 0.15 0.52 0.30 0.34 0.88 0.68 
27 0.21 0.59 0.42 0.35 0.89 0.69 
28 0.26 0.72 0.51 0.34 0.87 0.66 
57 0.22 0.65 0.44 0.25 0.73 0.50 
58 0.27 0.74 0.53 0.29 0.75 0.56 
Table 7 .7 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI~2 wk GI~2 26-wk GI~2 Tl32*LI wk Tl32*LI wk Tl32*LI 
17 0.15 0.53 0.31 0.24 0.69 0.47 
39 0.12 0.43 0.24 0.18 0.58 0.37 
56 0.13 0.45 0.26 0.28 0.78 0.56 
27 0.18 0.53 0.35 0.30 0.80 0.58 
28 0.22 0.64 0.42 0.28 0.77 0.54 
57 0.17 0.52 0.34 0.19 0.57 0.38 
58 0.21 0.59 0.41 0.22 0.60 0.43 
7.4.5.1 Single-crop dominated cropping systems 
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GDD19 
(oC) 
3053.10 
2696.40 
2346.30 
4213.45 
4097.60 
3570.30 
3993.80 
GDD2s 
(oC) 
1896.80 
1555.90 
1741.60 
2670.90 
2584.50 
1989.70 
2345.80 
GDD132 
(°C) 
1511.40 
1224.10 
1461.70 
2159.10 
2106.10 
1582.90 
1864.30 
Single-crop dominated cropping systems exist mainly in the cooler areas covered by 
agroclimatic group seventeen, which cover southern Liaoning, hilly areas of northern 
Hebei, Henan and Shaanxi provinces. Low temperature is the major limiting factor for 
crop production. Major crops are wheat, rice and maize. For wheat crops, only the 
wheat cultivars with strong low temperature resistant genotypes can survive the harsh 
winter. The cropping systems are mainly dominated by single crops. Wheat crops are 
167 
sown in early September and harvested in early July. Rice crops grow from early May to 
late September and maize crops grow from late April to early September. 
7.4.5.2 Wheat-maize double cropping systems 
The wheat-maize double cropping systems include agroclimatic groups of 17 and 56, 
which cover southern Hebei, northern Henan, Shandong and Guangzhong Plain of 
Shaaxi Province. There are about 70% of the cultivated lands with wheat-maize double 
crops. The climatic feature of these areas are very warm and wet summers but cold and 
dry winters. Wheat crops are sown in late September and harvested in early June. The 
growing period of wheat crops are around 250 days. Supplementary irrigation is required 
for a good yield because of the dry spring. Maize crops are sown immediately after the 
wheat is harvested, and grow for a period around 95 days before the wheat is sown 
again. Other crops in these areas include soybean, cotton and peanut etc. 
7.4.5.3 Wheat-rice-maize double cropping systems 
Groups 27 and 28 cover Jiangsu, northern Anhui and southern Henan Provinces of 
China. More than 85% of cultivated lands are planting double crops for areas covered by 
group 27, and nearly all cultivated lands grow double crops for areas covered by group 
28. Some supplementary irrigation is required in the northern parts of these areas. There 
are very favourable climatic environments for wheat crops, and the highest wheat yield of 
China attained in these areas (Li, et al, 1989). The cropping systems are dominated by 
wheat-rice-maize double crops. Wheat is sown from middle to late October and 
harvested from late May to early June. The second crop, either maize or rice, is planted 
and harvested in the middle of September. Other important crops in these areas are 
soybean, peanut and vegetables. 
7.4.5.4 Temperate forest 
Agroclimatic groups of 57 and 58 cover the mountainous areas surrounding Sichuan 
Basin and downstream of Yangtze River. There are favourable moisture conditions in 
these areas and no extremely high temperatures in the lowland areas. There is no crop 
production in these areas, and natural vegetation is mainly conifer or broad-leaf forest. 
168 
7.4.6 Agroclimatic Zone VI 
Agroclimatic Zone VI is the most important rice belt of China, which covers the plain 
and lower hilly areas between latitude 25°N and 30°N in southern China (Figure 7.8). 
There are four agroclimatic groups in the zone and their major agroclimatic indices are 
shown in Table 7.8. The temperature regimes are suitable for both mesotherm and 
megatherm crops, and wet conditions are experienced throughout the whole zone. The 
excessive moisture is not suitable for wheat crops, and the cropping systems are 
dominated by rice. Winter is very brief and triple crops are possible in these areas. The 
major differences in agroclimatic environments of this zone are the thermal and light 
regimes between the hilly and plain areas. 
• Groups 29 and 33 are the hilly areas with slightly lower temperature, where 
cropping systems are mainly double rice or natural system are mainly mixture 
forest. Solar radiation is also low in these areas. Most of the cultivated land is 
unirrigated; 
• Groups 45 and 36 are the plain areas with slightly higher temperatures than the 
hilly groups. Most of the cultivated land is irrigated and triple crops grow in about 
30-70% of cultivated land. The triple cropping systems are normally included two 
rice and a winter crop, which normally sweet potato or vegetables. Other crops of 
this zone are oil seeds, maize, orange, tea and some other cash crops. 
Figure 7.7 Agroclimatic Zone V 
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Table 7.8 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone VI 
Group Ann. Highest 13· Highest Annual Highest 13· Highest26· 
No. GI1q wk GI1q 26-wk GI19 TI19*LI wk Tl19*Ll wk Tl19*LI 
29 0.43 0.68 0.65 0.50 0.78 0.72 
33 0.41 0.75 0.62 0.44 0.76 0.65 
45 0.42 0.71 0.57 0.46 0.74 0.62 
36 0.33 0.72 0.48 0.41 0.73 0.54 
Table 7.8 (Cont.) 
Group Ann. Highest 13· Highest Annual Highest 13· Highest26-
No. GI-m wk GI~11 26-wk GI28 TI28*LI wk Tl2s*LI wk Tl2s*LI 
29 0.31 0.76 0.59 0.35 0.79 0.65 
33 0.32 0.82 0.62 0.34 0.85 0.66 
45 0.35 0.81 0.65 0.38 0.85 0.70 
36 0.32 0.79 0.61 0.39 0.88 0.74 
Table 7 .8 (Cont.) 
Group Ann. Highest 13· Highest Annual Highest 13· Highest26-
No. Gl32 wk Gl32 26-wk Gl12 Tl32*LI wk Tl32*LI wk Tl12*LI 
29 0.25 0.64 0.47 0.28 0.67 0.51 
33 0.26 0.72 0.51 0.28 0.75 0.54 
45 0.29 0.72 0.55 0.31 0.76 0.59 
36 0.28 0.73 0.53 0.34 0.83 0.64 
7.4. 7 Agroclimatic Zone VII 
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GDD19 
(oC) 
4713.40 
4449.90 
4946.10 
2304.60 
GDD2s 
(oC) 
2831.30 
2811.50 
3129.80 
3211.30 
GDD132 
(oC) 
2302.75 
2331.20 
2615.15 
2698.50 
Agroclimatic zone VII consists of two major agroclimatic groups, which cover Wuyishan 
and N anting hilly areas around latitude 25 °N in southern China (Figure 7 .9). There are 
two agroclimatic groups in this zone, and their major agroclimatic indices are shown in 
Table 7 .9. The thermal and light regimes of these two groups are very similar but group 
44 is slightly drier than group 43. The zone is mainly covered by mixture of forest and 
slope grassland. Crop production is mainly two or three rice crops. Tropical fruits such 
as oranges and banana are grown in these areas. 
Fit..'llre 7.9 Agrodimatic Zone VU 
Table 7 .9 Centroids or a subset of the 39 classification attributes for 
Agroclimatic Zone VIl 
Group Ann. lli&he& 13- Highest f\nnual Highest 13- Highest 26-
Ko. G1 1• wk GI •• 26-wk GI .. n .• •u wk TI •• •U wkn .• •u 
43 0.44 0.65 0.54 0.57 0.72 0.61 
44 0.45 0.71 0.58 0.52 0.72 0.60 
Table 7.9 (Cont) 
Group Aun. Highest 13· llighl!!>t Annual Highest 13· High e5t 26-
'lo. GI~ wk GT,. 26-wk CJ,, TT,.•LI ..-k TJ,,•1.1 wk n .. •LI 
43 0.45 0.86 0.78 0.49 0.87 0.80 
44 0.40 0.85 0.73 0.42 0.87 0.76 
Table 7.9 (Cont) 
Gmu1> Aon. High~ 13- Highest Annual Highest 13- Higbest26-
'lo. m.'l wk Gin 26-wk GI ., Tln•Ll wk TJ.,•u wk TI,,•u 
4'l 0.38 0.78 0.68 0.41 0.78 0.70 
44 0.33 0.75 0.62 0.35 0.78 0.64 
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Goo,. 
f°C) 
6302.70 
5408.90 
GOD,. 
r•q 
3863.60 
3445.05 
GDDm 
(•Cl 
3263.10 
2905.05 
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7.4.8 Agroclimatic Zone VID 
Agroclimatic zone VIII covers mainly mountainous areas of Southwest China (Figure 
7.10). Some highlands of Taiwan, Hainan and Vietnam are also included in the zone. 
These areas are divided into three major agroclimatic groups and their major 
agroclimatic indices are shown in Table 7.10. Moisture is highly available in these 
mountainous areas and the temperature is the major limiting factor to plant growth. The 
seasonal variations of temperature are very small. These areas are mainly covered by 
conifer forest or slope grassland. Major crops are rice, maize, wheat, tea and oil seeds. 
Cropping systems are mixed with single or double crops. 
Table 7.10 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone VID 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI19 wk GI19 26-wk GI19 TI19*LI wk Tl19*LI wk Tl19*LI 
10 0.39 0.80 0.70 0.65 0.88 0.85 
11 0.38 0.80 0.69 0.57 0.86 0.84 
34 0.46 0.79 0.74 0.61 0.84 0.82 
Table 7.10 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI2s wk GI28 26-wk GI28 TI2s*LI wk TI2s*LI wk TI2s*LI 
10 0.19 0.50 0.37 0.26 0.55 0.48 
11 0.16 0.44 0.31 0.20 0.48 0.38 
34 0.16 0.38 0.30 0.18 0.38 0.33 
Table 7.10 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. Gl32 wk Gl32 26-wk GI32 TI32*LI wk Tlu*LI wk Tl32*LI 
10 0.13 0.35 0.25 0.18 0.39 0.33 
11 0.11 0.30 0.21 0.14 0.33 0.26 
34 0.10 0.25 0.20 0.12 0.26 0.22 
7.4.9 Agroclimatic Zone IX 
GDD19 
(oC) 
3305.85 
3103.60 
3483.60 
GDD2s 
(oC) 
1841.15 
1564.30 
1655.00 
GDDm 
(oC) 
1369.80 
1103.10 
1150.70 
Agroclimatic zone IX includes mainly the highlands of southern China and high ridges of 
Southeast Asia (Figure 7.11). This zone covers agroclimatic groups 3, 9, 31, and 50 and 
their major agroclimatic indices are shown in Table 7 .11. These areas have a high growth 
figure 7 .10 Agroclimatic Zone Vill 
Figure 7.11 Agroclimatic Zone TX 
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potential for both mesotherm and megatherm plant species. Seasonal variations of the 
climatic environments are not large. This agroclimatic zone are mainly covered by 
mixture of temperate and tropical forest. AB a result of forest clearance, grassland is also 
an important land cover. Only a small portion of the land is used as cropping production 
(ECLMC, 1991). Rice, maize, sugarcane, rubber and tea grow in the zone. 
Table 7.11 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone IX 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. Gl19 wk GI10 26-wk GI10 TI1o*Ll wkTI1o*LI wkTI1ci*LI 
3 0.49 0.74 0.70 0.66 0.80 0.76 
19 0.48 0.74 0.70 0.75 0.86 0.79 
31 0.42 0.78 0.70 0.71 0.87 0.83 
50 0.66 0.81 0.80 0.78 0.87 0.83 
Table 7.11 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. Glzs wk Gl211 26-wk GI211 Tl2s*Ll wk Tl2s*Ll wk Tl2s*Ll 
3 0.35 0.75 0.63 0.43 0.77 0.71 
19 0.37 0.73 0.64 0.52 0.77 0.75 
31 0.26 0.63 0.49 0.37 0.69 0.63 
50 0.36 0.64 0.58 0.41 0.66 0.62 
Table 7.11 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. Gl32 wk GI'\2 26-wk Gl32 Tl32*LI wk Tl32*LI wk TI"2*LI 
3 0.28 0.62 0.50 0.33 0.63 0.57 
19 0.29 0.61 0.52 0.40 0.64 0.61 
31 0.20 0.49 0.37 0.27 0.54 0.47 
50 0.26 0.48 0.43 0.30 0.50 0.46 
7 .4.10 Agroclimatic Zone X 
GDD19 
(oC) 
5589.05 
5253.60 
4166.60 
5656.10 
GDD2s 
(oC) 
3181.30 
3362.00 
2460.80 
3134.30 
GDD132 
(oC) 
2573.35 
2777.70 
1953.80 
2451.50 
Agroclimatic zone X covers lowland areas of the southern rim of China, parts of Taiwan 
and Hainan Island, northern Vietnam and part of Laos (Figure 7.12). A small portion of 
southeast Xizang are also included in this agroclimatic zone. There are two major 
agroclimatic groups in the zone and their major climatic indices are shown in Table 7 .12. 
This is one of the major cropping zone in Mainland East Asia. The climatic environments 
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in this zone are warm and wet and very suitable to crop production. Rice is the dominant 
crop in the agricultural systems of this zone. Normally farmers grow two rice crop and a 
winter crop such as vegetables and sweet potato. The first rice crop is normally 
transplanted in early April and harvested in early July, and the second rice is transplanted 
in early April and harvested in early November. Some of the fruits grow in these areas 
are orange, banana, lychee etc. 
Table 7.12 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone X 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. GI1<> wk Gl1<> 26-wk GI1<> Tl1<>*LI wk Tl1<>*LI wk Tl1<>*LI 
62 0.37 0.55 0.42 0.54 0.72 0.68 
64 0.47 0.68 0.62 0.52 0.72 0.70 
Table 7.12 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. GI2s wk GI2s 26-wk Gl2s Tl2s*LI wk TI2s*LI wk Tl2s*LI 
62 0.51 0.88 0.83 0.57 0.88 0.85 
64 0.47 0.68 0.62 0.52 0.72 0.70 
Table 7.12 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. Gl32 wk Gl32 26-wk Gl32 Tl32*LI wk Tl32*LI wk Tl32*LI 
62 0.44 0.83 0.75 0.49 0.84 0.77 
64 0.51 0.81 0.75 0.56 0.84 0.79 
7.4.11 Agroclimatic Zone XI 
GDD19 
(oC) 
6949.20 
7547.10 
GDD2s 
(oC) 
4451.70 
7547.10 
GDD132 
(oC) 
3793.50 
4687.30 
Agroclimatic Zone XI covers the hilly areas of Southeast Asia, Hainan and Taiwan Island 
(Figure 7.13). Three agroclimatic groups are included in this zone and their agroclimatic 
indices are shown in Table 7 .13. This agroclimatic zone possesses the most favourable 
growth environment for megatherm plant species throughout Mainland East Asia. The 
median values for Ghs are 0.55, 0.87 and 0.82 for annual mean, the highest 13-week 
mean and the highest 26-week mean, respectively (Table 7 .2). The zone is covered 
mainly by tropical rain forest. Major crops are rice, coconut, rubber tree, sugarcane and 
banana. 
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Figure 7 .12 Agroclirnatic Zone X 
Figure 7 .13 Agroclimalic Zone XI 
Table 7.13 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone XI 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. GI19 wk GI19 26-wk Gl19 Tl19*LI wk Tl19*LI wk Tl19*LI 
8 0.56 0.72 0.66 0.67 0.78 0.75 
14 0.60 0.78 0.75 0.78 0.85 0.82 
35 0.48 0.75 0.69 0.69 0.85 0.80 
Table 7.13 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest 26-
No. GI2s wk Gl2s 26-wk Gl2s Tl2s*LI wk TI2s*LI wk Tl2s*LI 
8 0.53 0.84 0.79 0.60 0.85 0.82 
14 0.47 0.74 0.71 0.58 0.79 0.76 
35 0.53 0.80 0.78 0.75 0.90 0.85 
Table 7.13 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. Gl32 wkGh2 26-wk Gl32 Tl32*LI wk Tl32*LI wk Tl32*LI 
8 0.44 0.73 0.68 0.50 0.75 0.71 
14 0.37 0.60 0.57 0.44 0.65 0.61 
30 0.44 0.69 0.66 0.62 0.79 0.74 
7.4.12 Agroclimatic Zone XII 
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GDD19 
(DC) 
7062.60 
6385.10 
6190.25 
GDD2s 
(DC) 
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4816.80 
GDDrn 
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Agroclimatic Zone XII covers the lowland areas of Thailand, Laos, Kampuchea and 
southern Vietnam (Figure 7.14). The southwest coast of Hainan Island is also included in 
this zone. There are three groups in this zone and their major agroclimatic indices are 
shown in Table 7 .14. This zone has a typical humid tropical climate. The seasonal 
variations in temperature are minimal, and the different moisture regimes divided the 
zone into the three different agroclimatic groups. Rice is the most important crop grown 
in this agroclimatic zone. The rice growing period is between May to December/January, 
depending on the location and cultural methods. Different rice practices (Huke, 1980) 
are found as follows: 
• dry land rice, prepared and seeded under dry conditions and dependent on rainfall 
for moisture, mainly grow in the areas covered by agroclimatic group 65 in 
northern Thailand; 
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• rainfed wetland rice, grown on puddled soil in bunded fields, with dikes capable of 
holding up to 30 cm water that comes from rainfall or by run-off from local 
catchment areas. The water depth can reach JOO cm in the great river deltas; 
• irrigated wetland rice, some areas with irrigation facility can grow two rice crops, 
only a small portion of !he cultivated land with such facility in this zone; 
• deep water lice, grown in the very wet areas with water depth at least ! m during a 
significant portion of the growing season. 
Figure 7.14 AeroclimaticZonc XU 
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The important upland crops rn this zone are maize and cassava. and all are rainfed. The 
planting time of maize crops is around May and a second crop is sometimes planted 
immediately after the first crop and is harvested in late July or early August (Oideman 
and Frere, 1982). The planting time of cassava varies from February to June, and is 
harvested in 8-14 months after planting, depending on variety and soil types (Somsa.k, 
1974). Other crops growing in this zone include sugarcane, mungbean, kenaf, soybean, 
groundnut, sorghum and cotton. 
Table 7.14 Centroids of a subset of the 39 classification attributes for 
Agroclimatic Zone XII 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI10 wk GI10 26-wk GI10 TI1o*LI wk TI1o*LI wk TI1o*LI 
38 0.34 0.55 0.48 0.42 0.59 0.52 
63 0.24 0.48 0.40 0.38 0.69 0.55 
65 0.31 0.60 0.50 0.52 0.81 0.71 
Table 7.14 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI2s wk GI28 26-wk GI28 TI28*LI wk Tl28*LI wk Tl28*LI 
38 0.68 0.86 0.85 0.88 0.93 0.90 
63 0.55 0.86 0.85 0.87 0.91 0.90 
65 0.53 0.84 0.83 0.82 0.92 0.88 
Table 7.14 (Cont.) 
Group Ann. Highest 13- Highest Annual Highest 13- Highest26-
No. GI:u wk Gl32 26-wk GI~2 Tl32*LI wk Tl32*LI wk Tl32*LI 
38 0.61 0.78 0.77 0.80 0.87 0.84 
63 0.51 0.79 0.77 0.81 0.90 0.86 
65 0.47 0.76 0.74 0.72 .086 0.82 
7 .4.13 Agroclimatic Zone XIII 
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GDD19 
(oC) 
6981.80 
5304.90 
5497.50 
GDD2s 
(oC) 
6569.30 
5434.60 
5106.65 
GDDm 
(OC) 
5813.10 
4858.80 
4474.00 
Agroclimatic Zone XIII covers the mountain ridges of the Malaysia-Thailand Peninsula, 
in which the agroclimatic environment is unique but very small in area (Figure 7 .15). 
There is only one group in this zone and the median values of agroclimatic indices are 
shown Table 7 .2. These ridges are cooler than the lowland areas of the Peninsula as a 
result of higher elevation. Moisture is abundant and there is not any dry season for these 
highlands (Nieuwolt, 1984). Most parts of this zone are covered by tropical rain forest. 
Major crops are tea, coffee, vegetables and citrus fruits. 
-Figure 7. 15 Agrodimatic Zone XIII 
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7.4.14 Agroclimatic Zone XIV 
Agroclimatic Zone XIV covers nearly all the lowland areas of Peninsula Malaysia (Figure 
7 .16), and is unique in Mainland East Asia, being most favourable for all major light, 
temperature and moisture regimes for megatherm C3 and C4 species. There is also only 
one group in this zone and the median values of the major agroclimatic indices are shown 
in Table 7 .2. Large parts of the zone are still occupied by rain forest, swamp and shrub 
(Nieuwolt, 1984). Agricultural activities are mainly concentrated in areas close to the 
major settlements, and land used for agriculture, is mostly occupied by perennial crops. 
The most important one is rubber, which grows throughout Peninsular Malaysia. Oil 
palm and cocoa are mainly planted in the southern part of the Peninsular, and pepper, 
coconut, pineapple, are planted in different parts of the zone. Rice is the most important 
c od · this f.\J~u3~ · 1 d thr h th · f all 10 crop m zone. · 1t 1s p ante oug out e zone 1t accounts or a sm 
portion of the land use because it is restricted to localised valleys and lands with suitable 
terrain. 
7.5 DISCUSSION AND SUMMARY 
This agroclimatic classification using numerical taxonomic methods and based on crop 
growth potential attributes, has defined agroclimatic zones that have varying suitability 
for a range of agricultural systems and that are consistent with mapped vegetation 
patterns of Mainland East Asia. Two major features of the classification are that each of 
the 14 agroclimatic zones represents a distinct agricultural environment. All class 
boundaries are defined by crop growth potential regardless of geographical location. A 
single agroclimatic zone may include disjunct regions at widely spaced geographical 
positions, in which similar agroclimatic environments occur because of 
latitude/altitude/marine proximity interactions. It differs from all others which have been 
developed for individual countries within Mainland East Asia, and which are based on 
simple agroclimatic indices for a limited number of data points. In comparison with the 
global climatic classification developed by Hutchinson et al (1992), which adopted a 
similar strctf-~':t, but based on only 4159 data points across the world, agroclimatic zones 
generated for Mainland East Asian countries were also different from this study. This 
reflected the influence of resolution on classification results. 
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The most significant difference of this classification from all previous classifications is the 
famous "Qinling-Huaihe boundary" in the climatology of China. Previous classifications 
of China (SMAC, 1978; Qiu and Lu, 1980; Qiu, 1983; Zhang and Lin, 1985; Li, 1988) 
define the Qinling-Huaihe River as the boundary of temperate and sub-tropical 
agroclimatic zones, and this boundary roughly corresponds with the boundary between 
Agroclimatic Zones V and VI of this study. The difference is that the Agroclimatic Zone 
Vin this study extends further south to the Yangtze River, instead of the traditional 
Huaihe River (Figure 7.6). The "Qinling-Huaihe boundary" defined in China's 
climatology was mainly based on thermal criteria (Li, 1993). Its agroclimatic meaning is 
that rice becomes the dominant crop south of Huaihe River. However, the Land-use Map 
of China (ECLMC, 1991) shows that the rice dominated cropping systems in these areas 
are mainly because of irrigation systems. Agroclimatically, these areas are the most 
suitable winter wheat crop zone in China (Cui, 1987), and the highest wheat yield of the 
country was attained in these areas (Li et al, 1989). Compared with the annual 
precipitation map (Figure s~ t 0 "1, the boundary between agroclimatic 
zones V and VI roughly overlaps the 1000 mm isohyet in the eastern lowland areas. 
Although neither precipitation nor moisture index were used as input attributes for the 
classification, the differences between GI values and the products of TI by LI have 
sensitively reflected the impact of the moisture on crop growth. The total precipitation in 
agroclimatic zone VI during the wheat growing period ranges from 600 to 900 mm (Cui 
et al, 1984), which exceeds the suitable precipitation extent 400 - 600 mm (Cui, 1987). 
Therefore, a major difference between agroclimatic zone V and agroclimatic zone VI is 
wheat suitable zone and wheat unsuitable zone, respectively. Another important 
difference between Agroclimatic Zones V and VI of this study is double and triple 
cropping systems. The multiple crop indices (based on Rural Economic Statistics of all 
Counties of China, State Statistics Bureau of China, 1990) are normally below 200% in 
Agroclimatic Zone V but normally above 200% in Agroclimatic Zone VI. Three-crop per 
year or five-crop in two year is possible in Agroclimatic Zone VI but not possible in 
Agroclimatic Zone V. The classification developed in this study also includes the 
highland areas surrounding Sichuan Basin and the mountain ridges in the southern China 
Provinces in Agroclimatic Zone V. Traditionally, these mountainous areas were classified 
as sub-tropical climate as they are located south of the "Qinling-Huaihe Boundary". 
However, temperatures in these areas are more similar to the plain areas covered by 
Agroclimatic Zone V (Figure 5. and), due to the influences of higher elevations. In 
general, the agroclimatic boundary defined in this study presents more distinct 
agroecological meaning than the "Qingling-Huaihe boundary". 
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Another important difference is the highland cold agroclimatic zone, which roughly 
corresponds to Agroclimatic Zone I in this study. Li (1988, 1993) classified the Qinghai-
Xizang Plateau as a highland cold agroclimatic zone, which also included the China 
Provinces of Xizang, Qinghai and part of Sichuan and Yunnan. However, this study 
showed that for eastern Xizang, western Sichuan and northern Yunnan, only the highest 
mountains can be assigned to highland cold climate. The agroclimatic conditions of these 
areas varied from a temperate, even a sub-tropical climate depending on the elevation 
levels of the location. The classification singled out this elevation induced variation and 
these areas have been classified into different agroclimatic zones depending on their 
agroclimatic conditions. Furthermore, the high mountains in Xinjiang were classified into 
the dry agroclimatic zone instead of the highland cold climate in all previous agroclimatic 
classifications (Qiu and Lu, 1980; Li, 1988; 1993). Tianshan Mountain in Xinjiang is 
actually connected to the Qinghai-Xizang Plateau along the western rim of China and 
with a similar altitude. The climatic condition of Tianshan is nearly the same as its 
southern partner, the Qinghai-Xizang Plateau, and definitely different from its 
surrounding hot deserts. Classifying the Tianshan Mountain into the same agroclimatic 
zone as the Qinghai-Xizang Plateau makes much greater agroecological sense than 
classifying it into the same zone as its surrounding hot deserts. 
The agroclimatic classification of China (Li, 1988; 1993) classified Northwest China as a 
dry agroclimatic zone using the 400 mm isohyet, but this study split the area into three 
zones, Agroclimatic Zones II and m and part of Agroclimatic Zone IV that represent the 
hot dry desert, grasslands and single crop system, respectively. Such differences of crop 
and vegetation patterns were also reflected by sub-groups of Li's classification. The 
reasons for forming several different crop and vegetation patterns are not only the water 
deficiency but also the big difference in thermal conditions. Classifying such complex 
agroclimatic environments into desert, grazing grassland and single crop system 
according to the plant growth potential attributes reflects a more distinct agricultural 
meaning than using precipitation as the single criteria. 
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Previous agroclimatic classifications developed for Southeast Asian countries were 
generally at different scales and produced a greater number of agroclimatic zones than 
this study where all countries are covered by only 12 of 66 agroclimatic groups. 
However, the topographical effects on the agroclimatic environments in Southeast Asia 
have been clearly defined in this study, and the results differ greatly from the traditional 
agroclimatic classification methods used in the humid tropical Southeast Asia. These 
other methods normally used moisture availability to classify agroclimatic zones and 
assumed that the thermal influences on crop growth were minimal (Oldeman and Frere, 
1982). The results of this study indicate that this assumption is correct only in the 
lowland areas, and that there are very complicated agroclimatic environments in the 
mountainous areas. Further agroclimatic classification at a country level is needed to 
assist in efficient resource management for these countries. 
In general, the classification developed in this study accords well with known and 
mapped patterns of agricultural land use Mainland East Asia. Each agroclimatic Zone 
represents a distinct pattern of the environment that is suitable to a given cropping 
system or a given vegetation pattern. They can be summarised as: 
• Agroclimatic Zone I, represents the high cold plateau climate in China. No 
significant growth occurs due to the harsh climatic environment; 
• Agroclimatic Zone II, represents the dry and hot desert areas in Northwest China. 
Cropping is possible only where irrigation water is available; 
• Agroclimatic Zone ill, represents the grazing grasslands of North and West China, 
where cultivation of crops is limited by either temperature or moisture; 
• Agroclimatic Zone IV, represents the single summer crop area in China. Spring 
wheat, maize and soybean are major crops; 
• Agroclimatic Zone V, represents the wheat-maize double cropping system in 
northern China. Supplemental irrigation is essential for such double cropping 
systems; 
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• Agroclimatic Zone VI, represents the rice dominated double cropping system, a 
winter crop is also possible in the southern part of the zone, the wet conditions are 
not suitable for wheat production; 
• Agroclimatic Zone Vll, represents sub-alpine forest area, where complicated 
topography makes cropping activities very difficult; 
• Agroclimatic Zone VIII, represents the highlands in temperate climate areas, 
mainly covered by alpine forest; 
• Agroclimatic Zone IX, represents the warm temperate areas in southern China and 
Southeast Asia, mainly covered by mixed forest; 
• Agroclimatic Zone X, represents the tropical forest areas, mainly consists of 
mountain ridges in Southeast Asia; 
• Agroclimatic Zone XI, represents the triple crops system in southern China and 
northern Vietnam, normally grow two rices and a winter crop; 
• Agroclimatic Zone XII, represents the lowlands of tropical areas in Southeast Asia, 
with hot and wet climate but a long dry season; 
• Agroclimatic Zone XIII, represents the highlands of equatorial area in Thailand-
Malaysia Peninsula, cooler than the lowland areas without a distinct dry season; 
• Agroclimatic Zone XIV, represents the lowlands and uplands of equatorial areas in 
mainly Peninsula Malaysia with hot and wet conditions, there is normally no 
distinct dry season. 
Finally, in common with previous agroclimatic classifications of Mainland East Asian 
countries, the classification developed in this study is based on long-term mean monthly 
climatic data and thus does not provide a measure of actual year-to-year climatic 
variations. This is a serious deficiency, since locations with very similar plant growth 
response patterns based on long-term data can have very different probabilities of 
cropping success because of within-year or year-to-year differences of temperature 
extreme and/or water deficits (Hutchinson et al, 1992). Therefore, in Chapter 8 crop 
production for representative stations from each type of agroclimatic environments will 
be examined using simulated crop growth based on measured daily data for a number of 
years. 
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CHAPTERS 
MODELlNGCROPPRODUCTIONFOR 
SELECTED REPRESENTATIVE STATIONS 
OF MAJOR CROPPING ZONES 
8.1 INTRODUCTION 
The agroclimatic classification reported in Chapter Seven divided Mainland East Asia 
into fourteen Agroclimatic Zones each with further subdivision into groups with similar 
agroclimatic attributes and crop potentials. However, like the majority of other 
agroclimatic classifications, all attributes used in the classification were derived from 
long term mean climatic data. Therefore, the classification cannot reflect the impacts 
imposed by inter-annual variations of climate on crop production. In this Chapter, · 
representative stations in the major cropping areas of Mainland East Asia have been 
selected to run crop models at selected stations with daily weather data to demonstrate 
crop productivity and constraints imposed by inter-annual variations of climate. Potential 
crop yields for a fifteen year period (1978 - 1992) have been simulated using the 
Seasonal Analysis module of the Decision Support System for Agrotechnology Transfer 
(DSSAT) version 3 (Tsuji et al, 1994). 
DSSAT software was developed by the International Benchmark Sites Network for 
Agrotechnology Transfer (IBSNAT) project. The DSSAT products represent the 
collective outputs of a number of scientists involved in IBSNAT' s global network of 
collaborators (Tsuji et al, 1994). DSSAT version 3 is a collection of computer programs 
integrated into a single software package in order to facilitate the application of crop 
simulation models in research and decision making. Models contained in the package are 
available for various cereal crops (maize, wheat, sorghum, millet, rice and barley), three 
grain legume crops (soybean, peanut and dry bean) and cassava. The Seasonal Analysis 
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module allows comparisons of simulation results obtained with different combinations of 
inputs through time using different weather years. 
Rice, wheat and maize are major food crops in the area studied. For northern China, 
wheat and maize are the main crops while rice is the main crop in southern China and 
Southeast Asia. Over such a vast area, there are large variations in crop performance and 
management practices. Unfortunately, onl{tittie'<uch information was available for this 
a.., of 
study. The daily weather information for maximum temperature, minimum temperature 
and precipitation was obtained from a CD-ROM published by US National Climatic Data 
Center (NCDC, 1994), while daily solar radiation was interpolated from actual monthly 
mean data estimated from actual monthly sunshine data using the equation described in 
Chapter Four. 
Using the agroclimatic zonation and finer group definition as a guide, fourteen 
representative stations were selected for crop modeling. Agroclimatic zones that have 
little or no cropping production were omitted. Three crops, wheat, maize and rice, have 
been simulated within single or double crops for various representative stations. For each 
crop, not only the yields were simulated but the total precipitation and 
evapotranspiration were also analysed. The chapter con~ludes by discussing the overall 
climatic constraints to crop production over various agroclimatic patterns of Mainland 
East Asia. 
8.2 CROP MODELS 
There are two groups of crop models in the DSSAT v3 package. The cereal crop models 
were basically integrated into one program referred to as the generic CERES model, 
which includes maize, wheat, sorghum, millet and barley, while the rice model is stand-
alone. The grain legume models (soybean, peanut and dry bean) all operate using a 
generic grain legume model structure, called CROPGRO. Other root crops (aroid,. 
potato and cassava) use the CROPSIM model structure, which is similar to the CERES 
model. These crop models are process oriented computer models which simulate growth, 
development, and yield as a function of plant genetics, weather, soil conditions, and crop 
management selections (Hoogenboom et al, 1994). Figure 8.1 shows the flow of 
information for DSSAT v3 crop models. 
., 
188 
8.2.1 Model Inputs 
The input data to DSSAT v3 crop models can be classified as weather, soils, crop 
genetics, management operations and simulation controls. An overall input file, FILEX, 
contains all the management data and simulation control options and calls the weather, 
soil and crop genetics data from separate files. 
Figure 8.1 Flow of information for DSSAT v3 crop simulation models 
MODEL 
DRIVER 
.----''----_,., __________________________________________________ _ 
INPUT EXPERIMENTAL 
MODULE DETAILS FILE 
----------............. -.. 
~--r----' 
4 
MODEL TEMPORARY ----~ 
DRIVER FILE 
CROP ---------------------··· 
SIMULATION 
MODULE • OUTPUT FILES 
MODEL 
DRIVER 
y 
MORE 
SIMULATION ? 
N 
For weather data, the models require the same minimum data set for daily solar radiation 
(MJ m-2 dai\ maximum temperature (°C), minimum temperature (°C) and precipitation 
(mm), but also allow input of optional variables, such as PAR, dew point (°C) and wind 
speed (m/s). These data can be obtained from standard meteorological observations or 
generated from long term monthly means using the WeatherMan module of the DSSAT 
v3 package (Hansen et al, 1994). WeatherMan generates daily weather information using 
either WGEN (Rechardson and Wright, 1984) or STh1METEO (Geng et al, 1988). 
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The input soil information contains data on soil profile properties. These data are used in 
the soil water, nitrogen, phospho ru.s, and root growth sections of the crop model. The 
soil file contains data that is generally available for experimental sites, and extracted from 
a soil survey database for a soil of the same taxonomic classification as the soil at the 
experimental site. The field information, including initial soil conditions, field slope and 
aspect, and drainage type, has also to be provided with the crop models. The data in the 
soil file can be either measured or derived from the DSSAT v3 soil data sets. 
The input data for crop genetic information is used in the DSSAT v3 crop models to 
control the influence of daily temperature and sunshine duration on determining the 
length of specified phenological stages of the crop. The genetic parameters are defined 
differently for each of the simulated crop species. The numbers of genetic parameters for 
wheat, maize and rice are six, five and eight, respectively. These genetic parameters are 
defined by thermal and light requirements of different stages of crop development. 
DSSAT v3 provides these parameters for a number of example cultivars. These 
parameters can also be adjusted to simulate other cultivars. 
Management information can be grouped into three major types: 1) planting data that 
specify the planting date, planting method, planting density, sowing depth and emergence 
date; 2) irrigation data that specify the irrigation method, irrigation data and amount; and 
3) fertiliser and residue application data that specify the fertiliser and residue application 
amount, date and method. Here fertiliser includes various types of chemical fertilisers and 
residue includes the crop residues, barn manure and so on. 
Simulation controls in FILEX have two basic functions. First, they specify all options to 
be used in a particular simulation run and control the types and frequencies of outputs to 
be obtained. For example, an options line in the simulation controls section specifies 
whether the water and nitrogen balances will be used and whether pest damage will be 
considered in the run. The second function of the simulation controls is to specify 
whether automatic management is to be used and if so set the parameters for controlling 
planting, irrigating, applying nitrogen and residues and harvesting. A simulation control 
section is required for each run of FILEX, and more than one could be used to control 
simulations for different treatments if needed. 
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8.2.2 Model Processes 
DSSAT v3 crop models are process-oriented computer simulation models. In this 
Chapter, only CERES crop models are discussed because only three cereal crops have 
been simulated in this study. CERES crop models simulate crop growth, development 
and yield using the input information described in Section 8.2.1. The models generally 
take into account five processes in the simulation. These processes are: 
• Phenological development, especially as it affected by genotype and weather. The 
models simulate the effects of photoperiod and temperature on the timing of 
panicle initiation and the duration of each major growth stage; 
• Extension growth of leaves, stems and roots; 
• Biomass accumulation and partitioning, especially as phenological development 
affects the development and growth of vegetative and reproductive organs; 
• Water balance that simulates the daily evaporation, runoff, percolation and crop 
water uptake under fully irrigated conditions and rainfed conditions. 
The CERES-Rice model has the same features and characteristics as those described 
above for the other cereal crop models. However, it differs in that it can also simulate the 
establishment of a rice crop from dry sowing, pre-germinated seeding to transplanting. It 
particularly differs in the following aspects: 
• Provision has been made within the model to calculate an effect of transplanting 
shock on crop duration; 
• Water balance also simulates crop water uptake under intermittent flooding and 
drying and fully upland conditions where soil is never flooded; 
• The nitrogen sub-model of the CERES-Rice model simulates transformations of 
nitrogen in the plant in both upland and lowland conditions. The model simulates 
the effects of nitrogen deficiency on photosynthesis leaf area development, tillering, 
senescence and remobilisation of nitrogen during grain filling. 
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8.2.3 Strategy Evaluation 
Strategy evaluation in DSSAT v3 is composed of two programs, called "Seasonal 
Analysis" and "Sequence Analysis". Seasonal Analysis facilitates comparisons of 
simulations obtained by running the DSSAT v3 models with different combinations of 
inputs (Thornton et al, 1994). A simulation experiment may be made up of many 
treatments and may be replicated through time using different weather years by using 
Seasonal Analysis. Seasonal Analysis is also useful for comparing methods of managing a 
crop in particular environments, such as different planting date, cultivars or fertiliser 
application regimes. If such comparisons are made across many different types of 
weather years, then the variability associated with crop performance, as a function of the 
interactions between weather and other factors of the physical environment, can be 
isolated and quantified. Therefore, Seasonal Analysis was selected in this study to 
analyse the impact imposed by inter-annual weather variations on crop production in 
Mainland East Asia. 
The Sequence Analysis program is capable of simulating sequences of crops, or crop 
rotations, for studying the long-term effects of man~gement practices on crop 
performance and soil conditions, with emphasis on time trends and uncertainty. With this 
application program, soil water, nitrogen and organic matter ending conditions are used 
as starting conditions for the next crop or fallow period. The program analyses the time 
trends in crop, soil and economic variables. As details of management practices, soil data 
are not available and the purpose of this study is to identify the effects of weather 
variations on crop production, Sequence Analysis was not applied for all stations 
analysed in this study. 
8.3 DAILYWEATHERDATA 
The weather data used in this study include interpolated solar radiation and measured 
data for maximum temperature, minimum temperature and precipitation, for which 
missing values were simulated by WGEN (Richardson and Wright, 1984) that was built 
in WeatherMan module (Hansen et al, 1994) of DSSAT v3. All data cover a 15 years 
period from 1978 to 1992. 
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Daily weather data for maximum temperature, minimum temperature and precipitation 
were obtained from a CD-ROM published by NCDC(1994). These data contains some 
missing values for periods from one to six days. They were simulated using WGEN 
(Richardson and Wright, 1984) model built in WeatherMan module (Hansen et al, 1994) 
inDSSATv3. 
Daily solar radiation data from 1978 to 1987 were interpolated using a subroutine 
written by Hutchinson (unpublished). The subroutine estimates daily totals/means from 
monthly totals/means. This is achieved by estimating a cumulative value function for the 
year and reading off the daily differences. The cumulative function must pass through the 
known monthly cumulative values and intermediate values are estimated using cubic 
interpolation. The monthly solar radiation was estimated from monthly sunshine duration 
data using the formula described in Chapter Four. As there were no monthly sunshine 
duration data for the period from 1988 to 1992, WGEN model built in WeatherMan 
module of DSSAT v3 was used to generate the daily solar radiation data. The 
interpolated solar radiation data from 1978 to 1987, together with the temperature and 
precipitation data obtained from the NCDC CD-ROM, were input into WeatherMan to 
calculate parameters for WGEN to generate daily solar radiation values for the period of 
1988 to 1992. 
8.4 MODEL VALIDATIONS 
DSSAT crop models have been tested extensively by IBSNAT (1990) network 
distributed around the world. For Mainland East Asia countries, these models were 
tested and applied in Thailand, Malaysia, Taiwan and Mainland China for various crops 
(Wu et al, 1989; IBSNAT, 1990, 1993; Henderson-Sellers et al, 1995). Figure 8.2 
shows an example of observed and simulated days to anthesis and maturity of rice crops 
in Thailand, the Philippines and the United States (IBSNAT, 1990). The model 
adequately simulated the growth stage duration as influenced by cultivar, planting date 
(day-length, temperature), location (temperature, latitude-daylight) and delay due to 
transplanting. Wu et al (1989) demonstrated that the correlation coefficient was 0.92 
between the observed and predicted maize yields simulated by CERES maize model in 
North China Plain, when irrigation and excess water factors were considered. 
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The DSSAT crop models were assessed in this study by comparing simulated crop yields 
with observed crop yields and for several stations where crop production data were 
available. 
Figure 8.2 Comparison of observed and simulated days to anthesis and maturity 
using CERES-rice model (after IBSNAT, 1990) 
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Figure 8.3 shows the comparisons of simulated and observed crop yields for wheat, 
maize and rice. Observed crop yields were obtained from statistics yearbooks of Harbin, 
Beijing, Zhengzhou, Nanjing, Guangzhou and Haikou for a period from 1988 to 1991. 
Wheat and maize yields were mainly obtained from the first four stations, while rice 
yields were all from Guangzhou and Haikou. The correlation coefficients between 
observed and simulated yields are 0.92, 0.87 and 0.89 for wheat, maize and rice, 
respectively. 
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Figure 8.3 Comparisons of observed and simulated yields for wheat, maize and 
rice at stations of China 
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8.5 CROP SIMULATION RESULTS 
The cropping systems of Mainland East Asia can be very complex. They include single 
cropping systems and wheat-maize double cropping systems in northern China, double 
rice cropping systems or rice-rice-winter-crop triple cropping system in southern China 
and single or double rice cropping systems in Southeast Asia. Management practices are 
also varied among these cropping systems. In northern China, the single cropping system 
consists mainly of rainfed wheat, maize and soybean crops, while supplemental irrigation 
is essential to the wheat-maize double cropping system. While most rice crops are 
irrigated in China, there are various rice systems in Southeast Asia including upland, 
rainfed paddy, flooded and normal irrigated rice. 
Figure 8.4 Locations of the fourteen representative stations 
,Chengdu 
Representative stations for crop modeling were selected from areas with these major 
cropping systems based on the agroclimatic classification developed in Chapter Seven. 
196 
Fourteen representative stations (Figure 8.4) were selected for each of the Agroclimatic 
Zones IV, V, VI, VII, VIII, X, XII and XIV, which cover all of the important cropping 
zones of Mainland East Asia. Weather data for these stations were prepared as discussed 
above in Section 8.2.1. The soil data were derived from the DSSAT v3 soil data sets 
along with the descriptions by the Nanjing Institute of Soils (1978) and Oldeman and 
Frere (1982). 
The genetic parameters are crucial to the model because they regulate the cultivar 
specific pattern of growth and development (Wu et al, 1989). Values for these 
parameters can be determined in a controlled environment laboratory or experimental 
plot, using a range of temperature and daylength treatments and measuring leaf number, 
the dates of various development stages, grain number and grain weight. DSSAT v3 lists 
the genetic parameters determined for 96, 65 and 34 cultivars for wheat, maize and rice, 
respectively. No data were available for the major grain crop cultivars used in Mainland 
East Asia over the test period. However, given some knowledge of normal crop duration 
and timing of planting and harvesting it is possible to estimate genetic parameters 
through interactions of the model. Wu et al (1989) calibrated the genetic parameters for 
five provinces of North China Plain by running the model interactively and adjusting the 
parameters until the model estimates were very close to the estimates from the crop 
calendar. Here the Management/Sensitivity Analysis of DSSAT v3 was used to calibrate 
the crop model for each of the crops simulated at every representative stations. This 
module can simulate or modify the timing and genetic parameters of a crop or a cultivar. 
The model was calibrated by comparing the simulated results for various values of the 
genetic parameters with the timing of crop development suggested by Cui et al (1984) 
for all areas of China. The grain yields of SSBC statistics data (1987 - 1991) were also 
used as an indicator for judging the calibration of the model although they are not 
separated for a single crop. 
The planting date and growing lengths of crops were mainly obtained from the studies of 
Cui et al (1984), Oldeman and Frere (1982) and Selvadurai (1978). Fertiliser levels were 
mainly determined by referring to the Counties Rural Economic Statistics Brief of China 
(Statistics Bureau of China - SSBC, 1987 - 1991). However, these data are very 
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approximate, because only the total amount of fertiliser applied over the total cultivated 
land area of a county is available. 
Irrigated lands are a component of all major cropping zones in Mainland East Asia 
(Selvadurai, 1978; Oldeman and Frere, 1982; ECLMC, 1993). However, the proportion 
of irrigated lands and amounts of irrigation water vary from place to place. Therefore, 
for each of the crops simulated, for each of the representative stations, a maximum 
potential crop yield, an irrigated crop yield and a rainfed crop yield have been simulated. 
Maximum potential yield is the simulation result assuming optimum conditions for water 
and nitrogen. Rainfed potential yield refers to the crop potential yield under rainfed 
condition with approximately the same fertiliser levels provided by the State Statistics 
Bureau of China (SSBC, 1987 - 1991) with each of the representative stations. The 
irrigated yield has been simulated using the same fertiliser level as the rainfed condition 
but provided with optimum irrigation. 
8.5.1 Single Crop Agroclimatic Zone 
The single crop area is related to Agroclimatic Zone IV described in Chapter Seven. The 
zone covers areas of the Northeast China Plain, Taihang mountains and part of the loess 
Plateau in Shaaxi Province (Figure 7.5). Northeast China Plain is one of the most 
important cropping areas of China. The climatic environments range from cool and wet 
in the Northeast China Plain, gradually becoming warmer and drier in the west of the 
zone. The annual precipitation ranges from 400 to 1000 mm. Single cropping systems, 
forest and livestock-crop mixtures exist in various parts of this Agroclimatic Zone. 
Harbin (126.62°E, 45.68°N, 172 m) has been selected as a representative station. It has 
very cold winters and warm and wet summers. Major crops are wheat, maize, soybean, 
millet and rice. Almost all (93%) of the cultivated land growing crops is rainfed 
(ECLMC, 1993). 
The simulated results for wheat crops in Harbin are shown in Figure 8.5a. The average 
maximum potential yields are 5500 kg/ha (var.= 9%). The simulations indicated that 
thermal and light conditions in Harbin are very suitable for wheat production. The most 
limiting factor is moisture. Simulated rainfed wheat yields range from 1106 to 2832 
kg/ha (var.= 29%) from 1978 to 1992. Actual wheat yields in Harbin ranged from 1080 
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to 2142 kg/ha from 1984 to 1992. Figure 8.6a shows values of total precipitation are 
mostly lower than potential evapotranspiration throughout the wheat growing season. 
Moreover, the timing of this precipitation is a more important limiting factor. The 
precipitation during the wheat growing season is mostly received in the later stages of 
the wheat crop. The simulation of the water balance indicated that water stresses are 
very common in earlier growth phases from emergence to the end of ear growth. Cui 
(1987) also pointed out that spring drought is responsible for the low and unstable wheat 
yields in the Harbin area. The simulated irrigated wheat yields range from 3645 to 4777 
kg/ha (var.=10%). This suggests that wheat yields can be raised and seasonal variability 
reduced if supplemental irrigation can be provided. Even higher yields (maximum 
potential 5500 kg/ha) would need additional nitrogen as well as irrigation. 
The simulation results for maize crops at Harbin are shown in Figure 8.5b. Maximum 
potential maize yields range from 7312 to 9196 kg/ha (var=7%). This indicated that 
thermal and light conditions at Harbin are very favourable for maize production. 
Compared with wheat, the rainf ed maize yields are much higher and range from 2923 to 
5650 kg/ha (var=19%). This is because there is no serious water stress for rainfed maize 
during the maize growing season. Figure 8.6b shows that the total precipitation is mostly 
above or close to the potential evapotranspirations. More importantly the growing 
season of maize crop overlaps the rainy season (June, July and August). The simulated 
irrigated maize yields are higher than rainfed maize only in drier years. This indicated that 
supplemental irrigation can help to obtain more stable maize yields. 
The observed yields of Harbin from 1986 to 1992 range from 1050 to 2142 kg/ha for 
wheat and range from 2205 to 5184 kg/ha for maize (HSB, 1986; 1987; 1988; 1989; 
1992). Wheat and maize are mostly grown under rainfed conditions. The rainfed yields 
simulated here are all higher than observed yields because other yield reducing factors 
such as weeds, pests and variations in management are not being simulated. 
8.5.2 Wheat-maize-rice Double Cropping Area 
This agroclimatic zone is related to the Agroclimatic Zone V described in Chapter Seven. 
The zone covers the North China Plain and the surrounding plain areas that extend to the 
Yangtze River. From the north to the south, the climatic environments of this zone 
Figure 8.5 Simulated wheat and maize yields at Harbin 
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Figure 8.6 Total precipitation and simulated evapotranspiration during wheat 
and maize crop seasons at Harbin 
E 
E 
600.0 .... 
400.0 ... 
lij~ ~-
·:· I r:: ~~ I 
} 
::: ::;: .. 
:: 
1111 
:::: 
ijl °''' 
:;: 
:,:: { ~!~~ r ::: \~~ 
l~~j ' ::: ~~~~ 
·1: 
i~~~ ~~~ I 111 )jj~ )~)j ·:-: m~ 
.":: 
::: ~~~ .·.; 
::: ~~~ 
0.0 .""::::":::: -......""""""'u-.i~;;au:l!lll.ill11111..U11.L111111..U11.1JIUJl!ll.tll.WL 
m1 1m 1m 1m 
Ill 
Iii :~ :::~ J~jj :::: 1:1 ::: ::: 
' ' 
.·•• I ;:: I ~~~ 
·.· 
Precip. and ET during wheat growing season 
600.0 .... 
400.0 --
1: 1111 
200.0 -- :::: 1:1. 
'
:_,:1,_,: :::: 
:::~ 
IC-
} 
t 
t 
:::. { 
II.I 
:;:: 
~~~= 
~j~) ~)~) 
::;: t 
' :::: -:;: t : ' 
' 
:; 
' 
::;: 
7 
~~~j 
i·_, ,. 
:::' 
t ~~~ I f :jf I i~~ ~~~~ :::: 
~~~~ jjI: :::: 
t } 
:::: 
·::: ::: 
~!~~ r :·:· : 
' ' 
' ' ' ,. 
;::: 
111: 
r 
I:· 
I 
t~I 
~~~ 
:::· 
:-: 
:~: ' 
~~~: 
If< m Total precipitation 
B Total evapotranspiration 
~: 
111: 
ii1 1: r :·: 
~;~ 
Jil: 1: 
~~~ 
Ill !ii· 
::: 
i~i: t ::: 
111: 
j)~~ :::' ~~~ ·=· 
11: 
I 
111: 
::: 
I·:: 
:::; 
::: 
iii :::. 1~j· I j~~ f t ~~~ :;:. 
201 
gradually become warmer and wetter. The annual precipitation ranges from 500 to 1000 
mm. This zone is one of the most important cropping areas of China. There are three 
major cropping systems in this zone. Single cropping systems dominate areas north of 
40°N, although double crops can grow in these areas with early cultivars. The wheat-
maize double cropping systems dominate most parts of this Agroclimatic Zone, extended 
from 40°N to the Huihe River. South of the Huihe River, the wheat-rice double cropping 
system is the major practice. Other crops grown in this Agroclimatic Zone include 
soybean, sorghum, cotton and millet. 
Three stations were selected as representative stations. They are Beijing ( 116.28 °E, 
39.93°N, 54 m), Zhengzhou (113.65°E, 34.72°N, llOm) and Nanjing (118.78°E, 
32.05°N, 9 m). Beijing and Zhengzhou represent the typical wheat-maize cropping 
system, but Zhengzhou is much warmer and hence much easier to grow the two crops. 
The spring is relatively dry and irrigation is essential to wheat crops in these two 
stations. Nanjing represents the wheat-rice double cropping system, and represents the 
southern marginal areas for wheat crops in China. 
8.5.2.1 Winter wheat 
This area represents the most important winter wheat zone of China. Wheat is normally 
sown in the autumn and harvested in the summer of the coming year. Dates for sowing 
and harvesting vary slightly from south to north. The simulated wheat yields for Beijing, 
Zhengzhou and Nanjing are shown in Figure 8.7. The average of maximum potential 
yields is around 5500 kg/ha, being slightly higher in Zhengzhou and slightly lower in 
Nanjing. These differences are due mainly to varying temperature and light regimes and 
their interaction. Nanjing has the lowest potential because of lower radiation and 
temperature associated with higher rainfall in the spring. Figure 8. 7 shows that there is 
not much year to year variation in maximum potential yields for all of the three stations. 
The rainfed yields of the three stations are significantly different from each other because 
of different precipitation patterns and amounts. The average rainfed wheat yields 
simulated are 1195, 3227 and 2947 kg/ha with annual variability of 105%, 52% and 17% 
for Beijing, Zhengzhou and Nanjing respectively. The total precipitation and potential 
evapotranspiration during the wheat crop season for these three stations are shown in 
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Figure 8.8. Beijing is the driest station and the total precipitation in the growing season 
ranges from 33 to 333 mm, but the potential evapotranspiration ranges from 516 to 594 
mm. The rainfed wheat yield drops to below 200 kg/ha in the driest year with serious 
water stress. Reasonable rainfed yields have been obtained in Zhengzhou except for some 
dry years. Total precipitation range from 110 to 315 mm, while the potential 
evapotranspiration ranges from 400 mm to 457 mm. The water deficit situation for 
wheat crop is better in Zhenzhou than in Beijing. Nanjing is the wettest station in the 
area. The total precipitation ranges from 237 mm to 724 mm during the wheat crop 
season, which is close to the total evapotranspiration in most of the simulated years 
(Figure 8.8). However, the rainfed wheat yields are limited mainly by the timing of 
rainfall in the wheat growing season and also by lower solar radiation due to the 
increased amount of cloud. 
Wheat crops are irrigated in all of these stations. The observed average wheat yields are 
4061 kg/ha in Beijing from 1982 to 1990 (BSB, 1983; 1985; 1986; 1987; 1988; 1989; 
1990; 1992) and 3870 kg/ha in Nanjing from 1989 to 1991 (JSB, 1991; 1992). The 
wheat yield of Zhenzhou is not available. The average irrigated yields simulated here 
(Figure 8.5) are 4757, 5007 and 4341 kg/ha in Beijing, Zhenzhou and Nanjing, 
respectively. Analysing the simulation results indicated that the amounts of irrigation 
required to obtain these yields are 300, 176 and 80 mm for Beijing, Zhenzhou and 
Nanjing, respectively. 
Traditionally, Nanjing is classified into the subtropical climate in China. Because of the 
high precipitation, rice is the preferred crop over wheat. However, using the numerical 
taxonomic technique and crop growth parameters generated by GROWEST model, 
Nanjing was placed in the same broad agroclimatic zone as the North China Plain. While 
Figure 8.6 shows that only two of the fifteen years had large amounts of excess water, 
that would greatly reduce wheat yields. However, Nanjing is suitable for wheat in most 
years and statistics (Jiangsu Statistics Bureau, 1992) show that wheat contributes one 
third of the total grain yield in the Nanjing area. Nevertheless rice is better adapted and 
preferred. This is consistent with the wheat growing area shown on The Atlas of 
People's Republic China (1983), and the analysis of Zheng et al (1986). 
Figure 8.7 Simulated wheat yields at Beijing, Zhenzhou and Nanjing 
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Figure 8.8 Precipitation and simulated evapotranspiration during wheat crop 
season at Beijing, Zhenzhou and Nanjing 
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8.5.2.2 !rlaize 
Maize is the second crop in the zone, which is normally sown after harvesting the wheat 
and harvested before sowing another wheat crop. Because of thermal limits, farmers in 
Beijing and surrounding areas normally sow their maize crop between wheat rows before 
harvesting the wheat from late May to early June, to allow a longer growing period for 
the maize crop. Thus there is an overlap period for both wheat and maize crop on the 
same field. The growing periods of maize crop range from 90 to 95 days. 
The simulated maize yields for Beijing, Zhengzhou and Nanjing are shown in Figure 8.9. 
Beijing has the highest maximum potential yields among the three stations, which range 
from 9840 to 12700 kg/ha (var=6%). Maximum potential yields at Zhengzhou and 
Nanjing are lower than Beijing, which range from 8809 to 10645 kg/ha (var=6%) and 
from 7033 to 8249 kg/ha (var=5%), respectively. Beijing has longer hours of sunshine 
than the two other stations although the total rainfall is very close among all three 
stations (Figure 8.10). Because the maize season overlaps the rain season, rainfed maize 
yields are much closer to the irrigated yield than wheat. Beijing has the largest inter-
annual variations in the rainfed maize yield (var=48%) among the three stations. 
Variations in rainfed yields for the two other stations are below 20%. Supplemental 
irrigation is required for a high and stable maize yield in Beijing. The wetter condition in 
Nanjing becomes an important limiting factor to maize production. Figure 8.10 shows 
that the amount of rainfall exceeded the potential evapotranspiration in most of the 
fifteen years simulation period. Large amount of excess water results in waterlogging and 
reduces maize yield (Meyer, et al, 1987; Wu, et al, 1989). 
The average actual maize yields are 5070 kg/ha in Beijing from 1982 to 1990, and 4955 
kg/ha in Nanjing for average from 1989 to 1991. The maize yield of Zhengzhou is not 
available. The simulated average irrigated maize yields in Beijing and Zhengzhou and 
rainfed yields in Nanjing are slightly higher than these actual yields and are 6257, 6200 
and 5999 kg/ha with annual variability of 14%, 10% and 22% for Beijing, Zhengzhou 
and Nanjing, respectively. 
Figure 8.9 Simulated maize yields at Beijing, Zhenzhou and Nanjing 
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Figure 8.10 Total precipitation and simulated evapotranspiration during maize 
crop season at Beijing, Zhenzhou and Nanjing 
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8.5.2.3 Rice 
Rice is another important crop in the Agroclimatic Zone, especially where irrigation 
water is available. Nanjing has been a traditional rice production area in China because of 
higher rainfall and abundant water resources from the Yangtze River. However, due to 
the thermal limit, there are only about 200 days suitable for rice growth (Cui et al, 1984). 
A wheat-rice double cropping system is suitable for Nanjing and surrounding areas (Gao, 
et al, 1987). The rice is normally sown in nursery in late April. the young plants are 
transplanted after wheat is harvested in the middle of June. The harvesting time is in 
middle October. 
Nanjing has thermal and light conditions suitable for rice growth during the warm 
season. The simulation results of rice at Nanjing are shown in Figure 8.1 la. The average 
maximum potential rice yields simulated here is 7784 kg/ha (var=5%) for the fifteen 
years simulation period. The rainfed paddy rice yields are also very high in most of the 
years except for a couple of drier years. The comparison of the total rainfall and total 
potential evapotranspiration during the rice season shown in Figure 8.11 b indicated that 
there are eleven of the fifteen simulated years with ~uffi.cient rainfall for the requirements 
ofrice growth. However, irrigation is a very common practice in Nanjing area to ensure 
high and stable rice yield. 
The actual rice yields are very high in Nanjing. The average from 1989 to 1991 is 6158 
kg/ha (JSB, 1991; 1992). The average irrigated yields simulated here is 7279 kg/ha 
(var=8%) with the same fertiliser level indicated by the statistics. 
8.5.3 Double Rice Cropping Area 
This area is related to the Agroclimatic Zone VI reported in Chapter Seven. The climatic 
environment of this Agroclimatic Zone was defined as warm and wet during most parts 
of the year. The annual precipitation ranges from 1000 to 2000 mm, and the annual mean 
weekly MI values range from 0.7 to 1.0. The annual mean temperature ranges from 16 to 
20°C, and the annual mean weekly Ths values range from 0.4 to 0.6. The cropping 
systems in this area are dominated by double rice crops. Neither wheat nor maize is a 
major crop in this area. 
Figure 8.11 Simulation results for rice crop at Nanjing 
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Chengdu (104.02°E, 30.67°N, 506 m) and NanChang (115.92°E, 28.60°N, 47 m) were 
selected as representative stations for this Agroclimatic Zone. Chengdu is located in 
Sichuan Basin and represents the drier parts of the area. The annual mean precipitation 
for the 15 years simulation period is 871.3 mm. Eighty percent of the annual 
precipitation falls from May to September. Nanchang represents the wet parts of the 
area. The annual mean precipitation for the 15 years simulation period is 1454.9 mm. But 
different from Chengdu, the rainy season in Nanchang starts in the early spring and ended 
in August. March, April, May and June are the wettest period during the year with more 
than 200 mm rainfall for each of these months. The rainfall is normally easing in July and 
August with about 100 - 120 mm per month. 
Temperature is a major limiting factor for the double rice cropping systems in this area. 
Because the rainy season comes very early, the early spring is normally too cold for rice 
growth. The suitable rice growing season ranges from 200 to 260 days (Gao, et al, 
1987). Early rice in Chengdu and Nanchang is sown in the nursery in late March. Young 
plants are transplanted to the rice paddy a month later. The harvest date for early rice is 
in the middle of July. The growing period of early rice is about 115 to 120 days. Like the 
wheat-maize double crop system in Beijing area, there is also an overlapping period 
between the early and late rice crops. The late rice is sown in nursery in the middle of 
June, transplanted to the paddy in late July after harvesting the early rice and harvested in 
late October. The growing period for the second rice is from 130 to 135 days. 
The simulated yields of the early rice in Chengdu and Nanchang are shown in Figure 
8.12. The average maximum potential yields of early rice are 5417 and 5593 kg/ha with 
annual variances of 6% and 8% for Chengdu and Nanchang, respectively. Yield is limited 
by low temperature, radiation and the short growing season. The total amounts of rainfall 
during the early rice season range from 318 to 774 mm in Chengdu and from 453 to 
1023 mm in Nanchang. Figure 8.13 shows that the total rainfall can generally satisfy the 
rice growth requirements for most of the years simulated. The average simulated rainfed 
rice yields are 5249 and 4428 kg/ha with annual variances of 7% and 24% in Chengdu 
and Nanchang, respectively. This indicated that the variances of rainfall are much higher 
in Nanchang than in Chendu for the first rice crop. Although the total amount of rainfall 
is larger in Nanchang than Chengdu during the early rice season. a reduced amount of 
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rainfall in July induced certain extent of water stresses during the grain filling stage. The 
average simulated irrigated rice yields are 5372 and 5490 kg/ha with annual variances of 
6% and 7% in Chengdu and Nanchang, respectively. These results are closer to the 
actual yields which were obtained mostly with irrigation in these stations. The average 
early rice yield in Nanchang from 1987 to 1991 (Jiangxi Statistics Bureau, 1989; 1990; 
1992) is 4763 kg/ha. The early rice yield of Chengdu is not available. 
The simulation results of the late rice in Chengdu and Nanchang are shown in Figure 
8.14. Due to higher temperature and radiation during the late rice season, the simulated 
maximum potential yields are higher than the early rice and are 6070 and 6865 kg/ha 
with annual variances of 7% and 6% in Chengdu and Nanchang, respectively. The total 
amounts of rainfall during the late rice season range from 348 to 985 mm in Chengdu 
and from 198 to 590 mm in Nanchang. Figure 8.15 shows that the total rainfall can 
satisfy the rice growth requirements for all of the years simulated in Chengdu, but can 
not meet the rice growth requirements for most of the years simulated in Nanchang. The 
simulated rainfed rice yields are very close to the maximum potential yields for all of the 
years in Chendu, but are much lower in Nanchang with a high annual variability of 57%. 
The simulated irrigated yields again are higher than the observed late rice yields. The 
average late rice yield for 1987, 1988, 1990 and 1991is4721 kg/ha, while the average 
simulated irrigated yield from 1978 to 1992 is 5635 kg/ha (var=7%) in Nanchang. There 
is not observed data for Chengdu for comparison. The simulated irrigated late rice yields 
(Figure 8.14) indicated that irrigation is much more needed in Nanchang than in 
Chengdu. 
Figure 8.12 Simulated early rice yields at Chengdu and Nanchang 
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Figure 8.13 Precipitation and simulated evapotranspiration during early rice 
growing season at Chengdu and Nanchang 
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Figure 8.14 Simulated late rice yields at Chengdu and Nanchang 
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Figure 8.15 Precipitation and simulated evapotranspiration during late rice 
growing season at Chengdu and Nanchang 
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8.5.4 Sub-tropical Hilly Area 
This area is related to the Agroclimatic Zone VII reported in Chapter Seven, covering 
the hilly areas of Nanling-Wuyishan area. The climatic environments of this area are very 
wann and wet. The cold air mass from Mongolia and Siberia are normally attenuated by 
the time they reach the area. Therefore, temperatures seldom fall below zero in this area. 
The annual precipitation ranges from 1000 to 2000 mm, and the annual mean weekly MI 
values range from 0.7 to 1. The annual mean temperature ranges from 18 to 22°C, and 
the annual mean weekly 1128 values range from 0.5 to 0.7. Due to the hilly topography, 
much of the area is covered by forest but crops are planted in river valleys and coastal 
plains. Cultivated land accounts for 10 - 20% of the total land area (Li, 1990). Rice, tea 
and a number of tree fruits are the major crops of the area. Cropping systems are 
dominated by double rice. 
The early rice is sown in nursery in the middle of March and transplanted to the paddy in 
the middle of April. The harvesting date is in the middle of July. The growing period of 
early rice ranges from 120 to 125 days. The second rice crop is sown in the nursery in 
late July and transplanted to the paddy in late June. The harvesting date is in late 
October. The growing period of late rice ranges from 135 to 145 days. There is also an 
overlapping period for the two rice crops in this area. Fuzhou (119.28°E, 26.08°N, 84 
m) and Liuzhou (109.37°E, 24.47°N, 98 m) are selected as representative stations for 
this area. Fuzhou is located in the coastal area of east China Sea. The average annual 
precipitation from 1978 to 1992 is 1354.4 mm, and more than 80% of which falls from 
March to September. An important feature of the rainy season in Fuzhou is that July is 
much drier than any other months of the wet season. Liuzhou is located in a river valley 
of Guangxi Province. The average total annual rainfall is 1280.0 mm. The rain season of 
Liuzhou is from April to August. 
The simulation results of the early rice in Fuzhou and Liuzhou are shown in Figure 8.16. 
The average maximum potential yields are 6225 kg/ha in Fuzhou and 5882 kg/ha in 
Liuzhou. The differences in the maximum potential are not large (var=6%). However, 
due to the timing of rainfall, there are large differences in rainfed rice yields of the two 
stations, which range from 1822 to 5766 kg/ha for the fifteen years simulation period 
217 
with annual variance of 39% in Fuzhou, and from 3273 to 6320 kg/ha with annual 
variance of 15% in Liuzhou. Figure 8.17 shows that there are not large water deficit 
during the rice season in either Fuzhou or Liuzhou for the fifteen years simulation period. 
The reason for the lower rainfed rice yields in Fuzhou is that drier July resulted in water 
stress during the grain filling stage. While in Liuzhou, rainfed rice yields are close to the 
maximum potential in most of years. The irrigated rice yields (Figure 8.16) simulated are 
5645 and 5778 kg/ha with annual variances of 8% and 7% in Fuzhou and Liuzhou, 
respectively. The observed first rice yields are not available for these two stations. 
However, The simulated yields can be compared with the average yields for the whole 
province, which are 4928 (Fujiang Statics Yearbook, 1988; 1989) and 5007 (Guangxi 
Statistics Yearbook, 1992) kg/ha for Fujian (covers Fuzhou)and Guangxi (covers 
Liuzhou) Provinces, respectively. 
The simulation results of the late rice crop in Fuzhou and Liuzhou are shown in Figure 
8.18. The average maximum potential yields are 5837 kg/ha (var=10%) in Fuzhou and 
5812 kg/ha (7%) in Liuzhou. Different from the first rice, the rainfed yields for the 
second rice are high and stable in Fuzhou but low and varied in Liuzhou. The rainfed late 
rice yields range from 3488 to 5940 kg/ha for fifteen years simulation period with annual 
variance of 14% in in Fuzhou, and from 998 to 2509 kg/ha with annual variance of 24% 
in Liuzhou. Figure 8 .19 shows that the water deficit of the late rice in Liuzhou is larger 
than Fuzhou. The timing of the rainfall is another reason for the different rainfed yields 
obtained from these two stations. This is because the rain season is ended one month 
earlier in Liuzhou than in Fuzhou. The irrigated rice yields simulated are 5543 kg/ha 
(var=12%) in Fuzhou and 4924 kg/ha (var=16%) in Liuzhou. They can be compared 
with the observed second rice yields for the two Provinces, which are 5141 kg/ha for 
average of 1978, 1980, 1988 and 1989 in Fujian (covers Fuzhou) Province (Fujiang 
Statics Bureau, 1988; 1989) and 4071 kg/ha for average yields from 1986 to 1991 in 
Guangxi (covers Liuzhou) Province (Guangxi Statics Bureau, 1992). 
Figure 8.16 Simulated early rice yields at Fuzhou and Liuzhou 
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Figure 8.17 Precipitation and simulated evapotranspiration during early rice 
growing season in Fuzhou and Liuzhou 
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Figure 8.18 Simulated late rice yields at Fuzhou and Liuzhou 
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Figure 8.19 Precipitation and simulated evapotranspiration during late rice 
growing season at Fuzhou and Liuzhou 
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8.5.5 Warm Highland Area 
This area is related to the Agroclimatic Zone VIII reported in Chapter Seven, covering 
mainly high plateaus with elevations ranging from 1500 to 3000 metres in middle and 
northern Yunnan Province of Southwest China. The climate of this area is controlled by 
the Indian Ocean monsoon and is not affected by the cold air masses from Mongolia and 
Siberia during the winter season. The seasonal variations in temperature are not very 
large and there is neither cold winter nor hot summer. This is the driest area in southern 
China and the annual precipitation ranges from 600 to 900 mm, which is mostly received 
between May and September. The area is mainly covered by forest and slope grassland. 
Although cultivated land makes up only a small portion of the total land area, a variety of 
crops are grown with maize, wheat and rice being important. Most crops are grown 
under rainfed condition because the mountainous topography prevents farmers from 
developing effective irrigation facilities. 
Kunming (102.68°E, 25.02°N, 1891 m) is selected as representative station for this area 
for crop modeling. The average annual precipitation from 1978 to 1992 in Kunming is 
902.2 mm, of which 803.7 mm fell from May to October. It is relatively dry in the period 
from November to April of the coming year. The cropping systems in Kunming area 
consist of two crops where irrigation management is available. Major crops are rice, 
maize, wheat, oil seed and tea. 
Rice, wheat and maize production in Kunming has been simulated in this study for a 
period from 1978 to 1992. Rice is sown in mid-April, transplanted in about one month 
late and harvested in the middle of September. The growing period of rice crop is about 
170 days. Wheat is sown in late October and harvested in early May of the coming year. 
The growing period of wheat crop ranges from 175 to 200 days. Maize is sown in mid-
May and harvested in late September. The growing period ranges from 100 to 120 days. 
The simulated yields of rice, wheat and maize from 1978 to 1992 are shown in Figure 
8.20. 
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Figure 8.20 Simulated yields of rice, wheat and maize at Kunming 
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Figure 8.21 Precipitation and simulated evapotranspiration during rice, wheat and 
maize growing seasons at Kunming 
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The average simulated rice yields in Kunming are 7659 ,6172 and 6201 kg/ha with 
annual variances of 6%, 15% and 15% for the maximum potential, rainfed and irrigated 
rice yields, respectively. The rainfed and irrigated rice yields do not differ significantly. 
Figure 8.21 shows that the total rainfall values are higher than the total 
evapotranspiration during the rice season throughout the fifteen years simulation period. 
The average rice yield of Yunnan Province is 4815 kg/ha (Yunnan Statistics Bureau, 
1990; 1991;1992). According to the information of Yunnan Statistics Bureau 
(1990;1991), the average grain yield of Kunming is about 30% higher than the average 
of the whole Yunnan Province. Therefore, the 6200 kg/ha rice yield simulated here is 
very close to the real situation in Kunming. 
The average simulated wheat yields are 8885, 1481and6672 kg/ha with annual 
variances of 6%, 69% and 6% in Kunming for maximum potential, rainfed and irrigated 
wheat yields (Figure 8.20), respectively. The thermal and light environments of Kunming 
are very suitable for wheat production, but the very dry condition from November to the 
April of the coming year greatly limits wheat production. Figure 8.21 shows that the 
gaps between precipitation and evapotranspiration range from 200 to 400 mm. The 
average simulated rainfed wheat yield simulated here is slightly lower than the observed 
1772 kg/ha. This may be because the CERES models have been observed. to 
underestimate yield in dry years and overestimate yield in wet years in the study 
conducted by Wu, et al (1989). Irrigation can raise the wheat yields to more than 6000 
kg/ha, but it is normally not available to the wheat fields due to the mountainous 
topography in Kunming area. 
Maize grows in a similar season to the rice in Kunming. The average simulated yields are 
10,779, 4814 and 4816 kg/ha with annual variance of 12%, 29% and 28% in Kunming 
for maximum potential, rainfed and irrigated maize yields, respectively. Figure 8.20 
shows that the inter-annual variations in all three maize yields are not large. The thermal 
and light conditions are very favourable for maize production. The total rainfall are also 
greater than the evapotranspiration (Figure 8.21) simulated for maize crop. The 
simulated rainfed and irrigated maize yields are nearly the same. There is no observed 
maize yield for Kunming, but the average maize yield for whole Yunnan Province was 
2886 kg/ha from 1988 to 1991 according to the Yunnan Statistics Yearbook (1990, 
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1992). The low maize yields in such a favourable climatic environment are probably due 
to little or no fertiliser applied to the maize crop. 
8.5.6 The Triple Cropping Area 
The triple cropping area is related to the Agroclimatic Zone X reported in Chapter 
Seven, covering the southern rim of China, parts of Taiwan and Hainan Island, northern 
Vietnam and part of Laos. The climatic environments of this area are very warm and wet 
and very suitable for crop production. The annual mean total precipitation in this area 
ranges from 1500 to 2000 mm, and the annual mean weekly Ghs is 0.55. The cropping 
systems in this area are normally two rice and a winter crop such as sweet potato and 
vegetables. Guangzhou (113.32°E, 23.13°N, 7 m) and Haikou (110.35°E, 20.03°N, 8m) 
are selected as representative stations for the crop modeling in this area. 
Guangzhou is located in the lowland area of Zhujiang River delta. The average annual 
total precipitation is 1607 .5 mm. The rainy season normally starts in February and ends 
in October. The cropping system in Guangzhou consists of two rice crops and a 
vegetable. The first rice is sown in the nursery in early March, transplanted in early April 
and harvested in early July. The second rice crop is sown in the nursery in the middle of 
June, transplanted in late July and harvested in late October. Both rice crops grow 
through the wet season. Some vegetables are planted after the second rice. The two rice 
crops have been simulated in this study. 
Haikou is located in the northern coastal area of the Hainan Island and represents the 
warmest area of China. The climatic environments of Haikou are similar to the Southeast 
Asian areas classified in this agroclimatic zone. There is not any thermal limit to the crop 
growth and rainfall is the only critical factor affecting crop production. The average 
annual precipitation from 1978 to 1992 in Haikou is 1481 mm and the wet season is from 
April to October. Major crops are rice, rubber, sugarcane, cassava and tropical fruits. 
The rice crop system normally consists of two crops in Haikou although the thermal 
conditions allow to grow three rices. The overall productivity has been very low so far in 
the whole Haikou area. The double rice crop system is simulated in this study. 
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Figure 8.22 shows the simulated first rice yields of Guangzhou and Haikou. The average 
simulated maximum potential yields are 6264 and 7310 kg/ha in Guangzhou and Haikou, 
respectively. The amount ofrainfall during the crop season, which closely related to the 
bright sunshine duration, is an very important factor affecting the maximum rice yields. 
The rainfed rice yields are high and very stable in Guangzhou. This is because the rainfall 
amounts are normally greater than the requirements of the first rice crops. However, 
rainfed rice yields varied from 1258 to 7464 kg/ha (var=36%) in Haikou. The yields in 
dry years are significantly lower than the normal years. Figure 8.23 shows The total 
rainfall amounts are all higher than the evapotranspiration in Guagzhou but water deficits 
are shown in some content in Haikou. The irrigated yields are more close to the actual 
rice production situations in these two stations, where the average yields for the first rice 
crop are 5416 and 4094 kg/ha from 1988 to 1991 (Guangzhou Statistics Bureau, 1988 -
1991; Haikou Statistics Bureau, 1989; 1993). 
Figure 8.24 shows the simulation results of the late rice for Guangzhou and Haikou. The 
maximum potential yields are very close to the early rice both in Guangzhou and Haikou. 
However, there are much lower rainfed yields in both of the two stations. The average 
rainfed yields are 1841 and 1770 kg/ha with annual variances of 51 % and 50% for 
Guangzhou and Haikou, respectively. Figure 8.25 shows that there are not very serious 
water deficits for the late rice in both stations. The low rainfed yield is because that the 
rainfall is all concentrated on the early crop stage and less rainfall is received in the grain 
filling stage of the crop. The simulated irrigated yields are much higher than the rainfed 
yields and very close to the actual yields. Irrigation is a common practice for rice crops in 
these two stations. 
8.5. 7 Humid Tropical Lowland Area 
The tropical lowland area is related to the Agroclimatic Zone XII classified in Chapter 
Seven. The area covers lowland areas of Thailand, Laos, southern Vietnam and 
Kampuchea. The major features of the climatic environments in this area are minimal 
variations in temperature throughout the year and relatively wide seasonal variations in 
precipitation (Oldeman and Frere, 1982). Total annual rainfall in this area ranges from 
around 1000 mm in the Central Thailand to over 3000 mm in the west coast of Thailand 
Figure 8.22 Simulated early rice yields at Guangzhou and Haikou 
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Figure 8.23 Precipitation and simulated evapotranspiration during early rice 
growing season at Guangzhou and Haikou 
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Figure 8.24 Simulated late rice yields at Guangzhou and Haikou 
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Figure 8.25 Precipitation and simulated evapotranspiration during late rice 
growing season at Guangzhou and Haikou 
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Peninsula and Kampuchea. The common feature of such a wide precipitation range is 
that there are explicit dry and wet seasons. Cropping productions of this area are mostly 
under rainfed conditions. Major crops are rice, maize, cassava and some grain legume 
crops. 
Lam.pang (99.50°E, 18.29°N, 241 m) and Khon Kaen (102.83°E, 16.43°N, 165 m) of 
Thailand have been selected as representative stations for crop modeling. Lam.pang 
representative the dry part of the area. the average annual rainfall is 1010.7 mm of which 
90% is received from May to October. The average total rainfall in Khon Kaen is slightly 
higher than Lam.pang with a value of 1219.6 mm. But the major rain season ends slightly 
earlier than in Lam.pang. The rainfall is concentrated from May to September. Rice and 
maize have been simulated for these two stations in this study. There are main and off 
season rices grown in the area. The main season rice is sown around May and 
transplanted from July to September until rains are sufficient, which is depending on the 
onset of rainy season (Oldeman and Frere, 1982). An off season rice can be grown after 
the main season rice fr,om December to June (FERS, 1992), where irrigation facility is 
available. Maize crop is sown in May and second crop is sometimes planted immediately 
after the first crop is harvested in late July or early August. 
The simulated main season rice yields of Lam.pang and Khon Kaen are shown in Figure 
hut 1'n it - sH'Shtlu~ 8.26. The maximum potential yields are all over 10,000 kg/ha/\ Lam.pang .. ' 5 . · <f 
h '1q be Y ~Jl in Khon Kaen. The observations and analysis of Cady ( 1981) suggest that the 
higher yields in Lam.pang area are mainly due to the lower minimum temperature during 
the grain filling stage of the rice crop. The simulated flooded yields are 307 5 ( var=31 % ) 
and 2179 kg/ha (var=28%) for Lam.pang and Khon Kaen, which are slightly higher than 
observed yields of 2381 and 1694 kg/ha (1992/1993) in Lam.pang and Khon Kaen, 
respectively. Unlike other stations, irrigated rice yields for these two stations were not 
simulated to compare with the rainfed rice because the flooded rice grow in flood rather 
than a rainfed condition. However, total rainfalls at the two stations are compared to the 
simulated evapotranspiration (Figure 8.27) to indicate if there is enough flood water for 
rice growth. 
Figure 8.28 shows the simulated yields of maize in Lam.pang and Khon Kaen. Different 
from the rice, maximum potential maize yields are very similar for both stations, which 
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are around 7 500 kg/ha. Average rainfed maize yields are 4107 ( var=41 % ) and 4072 
kg/ha ( var=31 % ) in Lampang and Khon Kaen, respectively. Variations in rainfed maize 
yields are larger in Lampang than Khon Kaen due to the irregular rainfall. Figure 8.29 
shows that the total rainfalls are larger than total evaporation for all of the simulated 
years in Khon Kaen and no serious water stress were found for the fifteen years 
simulation period. But in Lampang, although the total rainfalls can meet the total 
evapotranspiration for most of the years, some water stresses have been found during the 
beginning of grain filling stage. Therefore, farmers should not start with maize planting at 
the beginning of the rain seasons to avoid the possible unpredictable drought at later 
development stages. 
8.5.8 Wet Tropical Area 
The wet tropical area is related to the Agroclimatic Zone IX reported in Chapter Seven, 
which covers areas of Peninsular Malaysia. The climatic environments of this area is that 
there is not any explicit dry season throughout the year. It is the wettest area of 
Mainland East Asia. The annual rainfall ranges from 2000 to 3000 mm. The agriculture 
in Peninsular Malaysia consists mainly of industrial yrops, such as rubber, oil palm. 
coconut and tree fruits (Selvadurai, 1978). Food crops , mainly rice, occupies only 3.7% 
of the total land area of Peninsular Malaysia (Oldeman and Frere 1982). Some of the 
major rice growing areas of Peninsular Malaysia were classified into Agroclimatic Zone 
XII in Chapter Seven because there is a brief but explicit dry season and more close to 
the climatic environments of Thailand. 
Kuala Lumpur (110.70°E, 3.12°N, 39 m) was selected as representative station ofthis 
area for rice production modeling. The total annual rainfall of Kuala Lumpur is 2441 
mm. The monthly rainfalls are all over 200 mm in wet months and range from 100 to 200 
mm in the drier months. Farmers normally grow two rice crops a year in Peninsula 
Malaysia, which are main season rice and off season rice. Growing seasons are varied 
from state to state according to the amount of rainfall. The main season rice in Kuala 
Lumpur was simulated from September to December, while the off season rice was 
simulated from March to June. 
Figure 8.26 Simulated main season rice yields at Lampang and Khon Kaen 
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Figure 8.27 Precipitation and simulated evapotranspiration during main season 
rice growing season at Lampang and Khoo Kaeo 
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Figure 8.28 Simulated maize yields at Lampang and Khon Kaen 
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Figure 8.29 Precipitation and simulated evapotranspiration during maize growing 
season at Lampang and Khon Kaen 
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Figure 8.30 Simulated main and off season rice yields at Kuala Lumpur 
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Figure 8.31 Precipitation and simulated evapotranspiration during main and off 
rice growing season at Kuala Lumpur 
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Figure 8 .30 shows the simulated rice yields of main and off seasons in Kuala Lumpur. 
The maximum potential yields for both seasons are all approximately 8000 kg/ha and 
year to year variations are not large. The average rainfed rice yields are 5205 (var=l2%) 
and 2114 kg/ha ( var=42%) for the main and off seasons. The large difference between 
main season and off season in rainfed rice yields is due to various amounts of rainfall. 
Figure 8.31 shows the total rain falls are well over the total evapotranspirations for the 
main season rice, but much lower than evapotranspirations for the off season rice. 
Moreover, the rainfalls are not distributed through the off season as evenly as in the main 
season. The irrigated off season rice yields are very close to the main season rice. There 
are no observed rice yields available for Kuala Lumpur to compare with simulated rice 
yields. However, these simulated rice yields are very close to these of nearby areas 
simulated by Henderson-Sellers et al (1995). 
8.6 DISCUSSION AND SUMMARY 
The climatic constraints on crop production in various stations have been assessed in this 
Chapter. Temperature is a key limiting factor to crop production in most parts of China. 
Various thermal conditions divided China into non-crop, single crop and multiple crop 
areas. Thermal conditions also limit specific crop or cultivar to a specific regions in 
China. For example, winter wheat cannot survive the very cold winter in Harbin and only 
spring wheat can be grown. In southern China, rice crops are also greatly limited by the 
low temperature in the early spring and late autumn/early winter. Only early mature rice 
species can be planted if two rice crops are grown within a year. However, such 
limitation does not exist in the cropping zones of tropical Southeast Asian countries. The 
maximum potential crop yields for all representative stations are relatively stable. This 
suggested that effects of inter-annual variations in thermal conditions on crop production 
are not large throughout Mainland East Asia. 
While temperature limits the length of crop growing periods and crop species in the 
temperate areas, low and erratic precipitation is a fundamental limiting factor to all crop 
species and areas in Mainland East Asia. In the single and double cropping areas of 
northern China, a very dry spring is the major limit to wheat crops. The wet conditions 
also limit the expansion of wheat production in southern China (Cui, 1987) and 
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Southeast Asia (?). Seasonal changes of precipitation are also greatly affecting crop 
production in the wet areas of southern China and Southeast Asia because of the dry 
season. The yields simulated under rainfed condition are generally low and unstable for 
all representative stations. The effects of inter-annual variation in precipitation on crop 
production are also very large for all representative stations. Even in Kuala Lumpur, 
~as no expliCit dry season, the rainfed off season rice is suffering water stresses. 
Wh1c}i 
As discussed in Chapters Five and Six, solar radiation is not a limiting factor in Mainland 
East Asia except for areas of southern China whk,h,have high rainfalls and large amounts 
of cloud. The low maximum potential yields in Nanchang and Fuzhou are mainly due to 
the combination of low radiation and high temperatures during the cropping season. 
However, total solar radiation is much higher in Southeast Asia even during the cloudy 
and rainy season because of lower latitude. The effect of inter-annual variations in solar 
radiation on crop production is relatively small. 
The climatic constraints on crop production can be summarised for the major cropping 
zones as: 
• Single cropping zone. Cold weather is a major limit to crop production. Winter 
wheat can not survive the harsh winter. There is a short favourable growing period 
in these areas allows one crop during the year. Precipitation amounts and inter-
annual variations are also important limiting factors to crop production, Wheat 
yields are greatly limited by the spring drought. Inter-annual variations in wheat 
yields are very large. Maize can grow through the wet season and a higher yield 
can be obtained without irrigation. The inter-annual variations in maize yields are 
much smaller than wheat; 
• Wheat-maize double cropping zone. This zone is warmer than the single cropping 
zone. Winter wheat can survive the winter and two crops can be grown. Wheat 
grows through the whole winter and spring, which are the driest season in the 
zone. Irrigation is essential to wheat production. Maize grows through the wet 
season and high yields can be obtained in wet years. Inter-annual variations in 
precipitation are large in the northern parts of the zone and gradually become 
smaller in the southern parts; 
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• The double rice zone. Wheat crop is not suitable in this zone due to the wet 
weather conditions. The thermal limits allow to grow two rice crops for only early 
mature rice species. The low amount of solar radiation also limits the rice yields. 
Irrigation is essential to obtain a stable rice yield; 
• Sub-tropical hilly area. Crop productions are mostly in the river valleys or coastal 
areas. Thermal conditions is better than the double rice zone and rice crops can 
grown in a longer period. The precipitation is about the same as the double rice 
zone and irrigation is also essential to obtain a stable yield; 
• Warm highland area. There is neither hot summer nor cold winter in this zone. The 
weather conditions are suitable to wheat-rice or wheat-maize double cropping 
systems. The spring drought is a major limit to wheat yield, but there are very high 
potential to rice and maize crops; 
• The triple cropping zone. This is the warmest area of China. Crops can grow 
throughout the year. In the northern parts of the zone, two rice and a winter crop 
can grow, while rice can grow throughout the year in the southern parts of the 
zone. Irrigation is essential to obtain a stable yield; 
• Humid tropical lowland zone. The warm weather allows crop growing throughout 
the year. But the long dry period is the major limit to crop production. Irrigation is 
required if two crops are grown. There is a high crop production potential in this 
zone if management practice can be improved; 
• Wet tropical zone. There is not any thermal or radiation limit to crop production. 
Rainfall is normally enough to grow a good crop for the main season rice, but 
irrigation is essential to the off season rice due to a reduced amount of rainfall in 
some stage of the rice development. 
Finally, it must be emphasised that the crop modeling analyses reported here are 
restricted to only part of the cropping systems of Mainland East Asia. This is because 
Seasonal Analysis module of the DSSAT v3 package can simulate only one crop for 
different weather years. Thus, results will not reflect actual situations of water and 
nutrient balances for the double or triple cropping systems that are very common in 
Mainland East Asia. While the Sequence Analysis component of DSSAT v3 is desgned 
for non-overlapping crop sequences, it does not accommodate common cropping 
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systems in Mainland East Asia, where there is a overlapping period between two crops in 
the same field. For example, in the wheat-maize double cropping zone of northern China, 
the maize crop is normally sown in the wheat crop field before the wheat is harvested. 
These complex systems remain a challenge for crop system simulation in the future. 
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CHAPTER9 
CONCLUSION 
This study has developed a GIS based agroclimatic analysis for Mainland East Asia at a 
resolution of 1/20th degree. This includes: 1) developing regular gridded data sets of 
terrain and climatic variables; 2) simulating generalized plant growth indices for each grid 
cell; 3) classifying the area into agroclimatic zones with groups of agroclimatically 
homogeneous grid cells; and 4) modeling the crop production potential for representative 
stations selected from those major agroclimatic zones that are suitable for crop 
production. The major features of the study are: 1) all analyses are processed cell by cell; 
2) numerical taxonomy methods and plant response indices have been applied to 
determine the agroclimatic zones; and 3) process-based models have been applied in 
further analysing the effects of inter-annual climatic variation on crop production. 
Developing regular gridded climatic data sets was an essential step in this study. These 
were constructed using the climatic surfaces and the DEM and enabled all analyses to be 
processed cell by cell across the whole of Mainland East Asia. This overcomes the 
shortcomings of previous agroclimatic analyses of Mainland East Asia that were based 
on limited and irregularly spaced data points. Of course, these data sets can support 
analyses in other related fields such as forestry, ecology, conservation and climate change 
studies. Examples already reported include matching specific tree species to specific sites 
to China and Thailand (Yan et al, 1996, Viriyabuncha et al, 1996). The climatic surfaces 
developed here are of highest accuracy for eastern China, Thailand and Vietnam. 
However, as discussed in Chapter four, the accuracy of the climatic surfaces for western 
China, Laos, Kampuchea and Peninsular Malaysia will be improved when more data 
become available for a better network of stations. 
Simulating the plant growth potential using the GROWEST model allowed the climatic 
variables to be more closely related to plant growth response. Previous agroclimatic 
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analyses of Mainland East Asia (Li, 1993; Oldeman and Frere, 1982) have been based on 
simple static attributes such as degree days and total amount of precipitation. They take 
little or no account of the dynamic and non-linear responses of plants to their 
environments. Direct coupling of the forcing functions of weather and climate with 
known ecophysiological responses, using indices simulated by the GROWEST model 
offers prospects of more relevant bioclimatic analysis and synthesis. Maps of these 
indices in Chapter Six are in substantial agreement with more detailed mapping of major 
natural vegetation formations and cropping patterns in Mainland East Asia. 
The agroclimatic classification based on these GROWEST indices divided Mainland East 
Asian countries into fourteen major agroclimatic zones. This classification has three 
major features. These are: 1) using a large number of attributes that reflect the plant 
responses to major climatic regimes as classification variables produced agroclimatic 
zones that have distinct agricultural meaning. Each of the classified agroclimatic zones 
has a specific climatic environment that is best suited to a specific group of crops or 
cropping systems. This is different from previous agroclimatic classifications where 
boundaries were derived according to one or~imple variables such as annual 
· ~WO 
precipitation and heat sum; 2). Using numerical taxonomy techniques to derive 
agroclimatic zones avoided any possible personal bias in defin~g the boundaries using 
the traditional methods; and 3) using regular gridded data sets in the classification has 
greatly raised the spatial resolution of the classification. Each of the 434,484 grid cells 
across Mainland East Asia was classified into an agroclimatic zone according to values 
of the 39 GROWEST attributes at this grid cell. Therefore, boundaries of the classified 
agroclimatic zones accurately reflect broad landscape controls such as deep river valleys 
and mountain ranges. 
Although this classification is in broad agreement with the main features of previous 
agroclimatic classifications, yet significant differences are evident. Probably the most 
significant difference concerns areas between the Huai River and Yangtze River, as 
discussed in Chapter Seven. This study indicated that the climatic environment of the 
area has closed affinities with northern adjacent areas rather than with its southern 
neighbour areas. This is at varianbe with previous classifications (SMAC, 1978; Li, 
1993). Because the Huihe River has been recognised as the climatic boundary between 
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temperate and sub-tropical climate in the climatology of China for many years, further 
analysis would be worthwhile. It may be that existing cropping systems in the area are 
not necessarily the best adopted. Previous classifications generally produced single large 
contiguous areas, whereas this classification recognises disjunct occurrences of similar 
agroclimatic environments. Each grid cell is assessed with respect to every other grid cell 
in terms of its unique bioclimatic attributes independent of adjacency. 
The effects of inter-annual variations in climate on crop production are assessed in 
Chapter Eight, using crop models to simulate major crops (rice, maize, wheat) at stations 
representative of major cropping zones. These crop modeling analyses further indicated 
the climatic constraints on crop production in various agroclimatic zones of Mainland 
East Asia. Thermal regimes set ultimate limits to most cropping systems in China. They 
set boundaries, not only for different cropping systems and vegetation patterns, but also 
for within crop differences such as spring wheat and winter wheat. Moisture regimes 
limit nearly all cropping systems of Mainland East Asia, even in the wet tropic areas of 
Peninsular Malaysia. Solar radiation limits crop production only in the southeast China 
area. 
It is impossible for a single study to cover all aspects of agroclimatology for a large area 
like Mainland East Asia. However, as a result of this study, several possibilities are seen 
for further studies to improve our understanding of the agroclimatic environment and 
resource management of Mainland East Asian countries: 
1. Agroclimatic analysis for specific crops andcultivars. Using the 
climatic data sets developed in this study, further agroclimatic 
analyses can be conducted for specific crops and cultivars. 
Potentially suitable, marginal and unsuitable areas can be identified. 
Coupled with relevant crop models, specified minimum data sets 
and production data, management variations can be evaluated. This 
will greatly assist land resource management, agricultural 
production and new technology transfer to farmers. 
2. Agroclimatic analysis for smaller regions. This study covered a 
vast area including six countries in Mainland East Asia. Further 
development at a provincial or national level will provide more 
useful supportive measures for decision making, policy development 
and resource management by the local authorities or national 
governments. 
3. Applications in other fields. Methodologies and data sets 
described in this thesis can be applied to other fields such as 
forestry, ecology, conservation and biodiversity. There are a number 
of such examples in Australia (Nix, 1986; Pittock and Nix, 1986; 
Booth et al, 1987; Mackey et al, 1989; Nix et al, 1992). However, 
few studies as yet have applied such methodologies and data sets in 
Mainland East Asia (Viriyabuncha et al, 1996; Yan et al, 1996). 
4. Further development in methodology. In the future, methods will 
be devised for efficient estimation of historical weather sequences 
using surface fitting at daily and weekly step. This is especially 
important for precipitation because it has the largest inter-annual 
variations among all climatic variables. The inter-annual variations 
of temperature are also important to crop boundaries of China 
because these boundaries are strictly limited by temperature. 
5. Coupling agroclimatic analysis with other key disciplines and 
data. Climate is only one of the factors affecting agricultural 
production and resource management.Further studies will link 
agroclimatic analysis with soils, terrain and actual land use 
information. climate, terrain and substrate have complex 
interactionships and all of these relate to crop production. An 
overall resource management domain framework could be 
established through vigorous analysis of these relationships. While 
the necessary data may not be available nationally, it would be 
worth conducting resource management domain analysis at regional 
and local scales for the most important cropping zones. Crop and 
other land use models could be applied within such a framework to 
generate more detailed analyses that will support decision making 
by farmers. industry and governments to enhance productivity and 
sustainability. 
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